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ABSTRACT
Ultrafast vectorially polarized pulses have found many applications in information and energy transfer owing mainly to the presence of strong
longitudinal components and their space-polarization non-separability. Due to their broad spectra, such pulses often exhibit space–time
couplings, which significantly affect the pulse propagation dynamics. Although such couplings usually result in reduced energy density at
the focal spot, they have been utilized to demonstrate pulse shaping as in the case of a rotating or sliding wavefront as the pulse travels
through its focal point. Here, we present a new method for the spatiotemporal characterization of ultrashort cylindrical vector pulses based
on a combination of spatially resolved Fourier transform spectroscopy and Mach–Zehnder interferometry. The method provides access to
spatially resolved spectral amplitudes and phases of all polarization components of the pulse. We demonstrate the capabilities of the method
by completely characterizing a 10 fs radially polarized pulse from a Ti:sapphire laser centered at 800 nm.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0056066

I. INTRODUCTION

Space–time couplings (STCs) in propagating waves are defined
as the dependence of the temporal properties of the electric field
on the transverse spatial coordinates.1 Mathematically, they are
revealed as the non-separability of the spatial and temporal terms
of the electric field of a pulse into a product, E(r, t) ≠ f (r)g(t).
They can significantly affect the energy density of ultrashort pulses
at focus2 since, in most cases, pulses possessing STCs can only be
locally transform limited owing to the fact that each position may
contain only a subset of the overall spectrum. STCs also alter the
propagation dynamics of ultrashort pulses. The latter has been uti-
lized to create new effects like the attosecond lighthouse3 where a
tilted wavefront is transformed to a rotating wavefront at focus and
the “sliding” or “flying” focus4,5 where STCs create a focal spot that
locally travels with speed greater or lower than the speed of light in
free space.

A range of techniques have been demonstrated for the complete
spatiotemporal characterization (retrieval of electric field amplitude

and phase) of linearly polarized pulses.6 Such approaches are typi-
cally based on scanning the transverse profile of the unknown pulse
with a known reference pulse7 or utilize concepts from wavefront
characterization techniques.8 Single shot methods have been devel-
oped that can characterize either a spatial slice of the pulse9–11 or the
whole pulse on a single measurement.12 Moreover, self-referenced
methods have been proposed, where a small part of the pulse under
characterization is used as reference. In the latter, the reference
is interfered with the unknown pulse and the unknown spectral
phase is retrieved through spatially resolved Fourier transform spec-
troscopy.13 A variation of the latter, named TERMITES,14 uses a
slightly expanded replica of the unknown pulse along with an itera-
tive algorithm as a way to reduce the requirements of creating a very
homogeneous reference pulse.

However, none of the aforementioned methods has been
applied for the simultaneous characterization of the spatially depen-
dent polarization, intensity, and phase that vector polarized pulses
exhibit. For example, the TERMITES method does not provide
the required polarization information for the characterization of
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cylindrical vector pulses (CVPs), such as radially polarized pulses
that exhibit polarization singularities at their center, but it can be
used as the basis for a method that can. Ultrafast radially polarized
pulses have been generated in the femtosecond regime15 and have
been compressed down to few femtoseconds.16,17 Due to their broad
spectra, such pulses often exhibit space–time couplings (STCs).
Moreover, space–time couplings may have been prescribed to them
through a metamaterial converter.18 Since CVPs cover a diverse
range of applications (see the Appendix) and space–time couplings
can significantly affect their properties, their characterization is
important.

The complete characterization of CVPs has been limited mainly
to their spatially varying polarization profile. The temporal profile
of such pulses has been characterized independently by standard
approaches, such as FROG19 and SPIDER.20 However, such mea-
surements are performed at a single spatial position or a slice9–11 of
the cross section of the pulse, which is far from a complete character-
ization of the pulses that may exhibit STCs.1 For example, theoretical
calculations have shown that the flying donut pulse is isodiffract-
ing,21 a property that leads to the spatial profiles of intensity for
every frequency component of the pulse to scale along the trajec-
tory of the pulse in the same way. Furthermore, since most ultrafast
systems use pulse compressors based on prisms or gratings, in order
to implement chirped pulse amplification (CPA),22 the appearance
of pulse front tilt (PFT) is very likely to occur from small misalign-
ments1,2 leading to detrimental effects for the pulse duration and its
energy density. The PFT distorts the temporal shape of the pulse.
Such space–time couplings occur also in the case of ultrafast CVPs23

and can lead to dramatic effects on the pulse shape and propaga-
tion. For example, Fig. 1 illustrates the effect of pulse front tilt and
pulse front curvature on the shape of a radially polarized pulse. PFT
appears as a linearly varying delay of the pulse across a transverse
direction, while the pulse front curvature is a quadratically varying
delay from the center of the pulse to its edges.

Recently, a new method has been utilized for the complete
spatiotemporal characterization of a 100 fs vector pulse through a
twofold interferometer,24 and it was shown to successfully charac-
terize spatially varying polarization gates. However, it is based on
a point by point scan scheme, which may render it impractical for
the complete transverse spatial characterization of a pulse when high
resolution is required.

In this work, we present a method for the complete spa-
tiotemporal characterization of CVPs based on Fourier trans-
form spectroscopy25,26 and, in particular, on TERMITES.14 The
method is an extension of the TERMITES technique by means of
a Mach–Zehnder interferometer and is termed TERMITES-MAZE
(MAch–Zehnder Extended). The extension renders the method
capable of characterizing the spatial and temporal profile of all polar-
ization components of ultrafast CVPs at the spatial resolution of
a camera sensor. We illustrate the capabilities of the TERMITES-
MAZE technique by applying it to the case of a 10 fs radially polar-
ized pulse centered at 800 nm. We show that our approach can
reveal the space–time couplings (e.g., pulse front tilt) across differ-
ent planes for different polarization components of the pulse. We
present a detailed description of the experimental implementation
of TERMITES-MAZE, while the corresponding algorithm for the
analysis of the experimental data is freely available under the Berke-
ley Software Distribution (BSD) three-clause license as a Python
module.27

As few cycle laser pulses with vectorial fields, orbital angular
momentum (OAM),28 and other forms of structured light29–31 are
increasingly studied, there is a demand for powerful pulse char-
acterization methods. In particular, the presence of STCs becomes
increasingly important in such broadband pulses as it can dramati-
cally alter their propagation properties32 and their interaction with
matter.33,34 The TERMITES-MAZE method introduced here has the
capability to characterize all these types of space–time-polarization
non-separable light that are increasingly studied35 and thus has the
potential to accelerate the research and emerging applications based
on few cycle vector structured light.

II. METHOD
A method for the complete characterization of a CVP should

provide all the characteristics of the pulse, such as the polariza-
tion, spectral amplitude, and spectral phase at each spatial posi-
tion. The TERMITES-MAZE approach is capable of retrieving all
these characteristics, up to a constant phase offset corresponding to
the carrier envelope phase that it is not retrieved, through inter-
ference of a linearly polarized reference pulse with an unknown
CVP. First, the TERMITES method14 is applied for the char-
acterization of the reference pulse and then a Mach–Zehnder

FIG. 1. Characteristic examples of space–time couplings in vector polarized pulses. Cross sections of the x component of the instantaneous electric field of a radially
polarized pulse (a) in the absence of space–time couplings, (b) with pulse front tilt (3 fs/mm), and (c) with pulse front curvature (3 fs/mm2). The insets to (a)–(c) present
corresponding 3D illustrations in the form of isosurfaces. The pulse propagates along the positive z axis.

APL Photon. 6, 116103 (2021); doi: 10.1063/5.0056066 6, 116103-2

© Author(s) 2021

https://scitation.org/journal/app


APL Photonics ARTICLE scitation.org/journal/app

interferometer is implemented for the characterization of the
unknown pulse. In this way, only one polarization of the CVP is
characterized at a time. Finally, since all spatial information is cap-
tured, the complete vectorial shape of the pulse can be reconstructed.

A. Experimental implementation
The TERMITES-MAZE method is an extension of the

TERMITES method,14 and as such, it comprises two experiments.
In the first experiment a reference linearly polarized pulse is char-
acterized using the TERMITES method, while the second involves a
Mach–Zehnder interferometer in which an unknown pulse, in our
case a CVP, and the reference pulse are interfered. In both cases,
Figs. 2(a) and 2(b), a 10 fs Ti:Sa laser with peak wavelength at 800 nm
(Spectra-Physics, Element PRO) is used to generate a linearly polar-
ized pulse. The pulse then travels through a pulse shaper that uses
a spatial light modulator (SLM) (Biophotonic solutions, Inc., MIIPS
Box640). A polarizer after the pulse shaper is used to remove any
unwanted polarization changes introduced by the SLM. The pulse
shaper is used to compress the ultrafast pulse to its Fourier limited
duration at the plane of detection. Then, a beam expander doubles
the beam width in order to fill a segmented waveplate that trans-
forms a linearly polarized beam to a radially polarized one. After the
beam expander, a 50:50 beam splitter (BS1 in Fig. 2) is used to gener-
ate two replicas of the pulse. Up to this point, the setup is common to
both experiments. In the following, we describe the two experiments
separately.

The TERMITES experimental setup consists of a Michelson
interferometer and a digital camera (Thorlabs DCC1545M); see the
upper part of Fig. 2(a) (image sensor). One arm of the interferom-
eter includes a nanometer precision delay line (Thorlabs TSGNF5
single axis piezoelectric stage) with a scanning range of 20 μm. The
piezoelectric stage is programmed to move in steps of 20 nm, which
correspond to a 40 nm (∼λ/20) delay for the pulse. The other arm
includes a convex mirror, whose purpose is to expand the unknown

pulse. Hence, the image on the camera sensor will be the result
of a pulse interfering with an expanded replica of its central part.
This expanding central part is considered more uniform, in terms
of spatiotemporal couplings, than the pulse itself since it is just an
expanded copy of a small part of the pulse. The TERMITES algo-
rithm requires only knowledge of the expansion factor, and there-
fore, the central part does not need to be space–time uncoupled. A
polarizer is finally placed before the camera to increase the signal to
noise ratio.

The TERMITES algorithm reveals the spectral phase differ-
ences between every point of the pulse and its center. A tem-
poral characterization of its central part is the only requirement
for a complete spatiotemporal characterization. In our case, the
“Multiphoton Intrapulse Interference Phase Scan” (MIIPS)36 tech-
nique is used for this purpose. More specifically, instead of char-
acterizing the temporal shape of the pulse, we compress it and
then a Fourier limited pulse is assumed at the pulse center. The
laser pulse is compressed by a commercial pulse shaper (Biopho-
tonic Solutions, MIIPS Box640) producing a 10 fs Fourier transform
limited pulse, which is also used for the generation of a Fourier
transform limited CVP. The compression process takes less than
10 minutes. The power of the laser varies less than 0.5% over a 20
h period, while the duration of the pulse as characterized by the
MIIPS method exhibits fluctuations of 0.1 fs. Each captured image is
the result of about 106 pulses. Therefore, short term fluctuations are
averaged out.

The compression part of the setup can be seen in the lower part
of Fig. 2(a). An iris placed before the first beam splitter (BS1) selects
only the central part of the pulse for compression that is focused at
a second harmonic generation crystal. A filter (F) blocks the fun-
damental part of the spectrum and transmits only the second har-
monic part. The generated spectral intensities are then recorded by
a spectrometer (Ocean Optics USB2000 + XR1-ES, 0.5 nm spectral
resolution) and fed to the pulse shaper’s software, where the MIIPS

FIG. 2. Experimental implementation of TERMITES-MAZE. The experimental procedure is split into two parts. The first part involves the characterization of a linearly
polarized pulse [panel (a)], while the second involves the characterization and retrieval of a CVP [panel (b)]. (a) A Michelson interferometer setup with a convex mirror in one
arm and a delay line in the other is used for the spatiotemporal characterization of a linearly polarized pulse (this pulse will be used as reference). The pulse compression
part is shown in the lower part of the setup. (b) A Mach–Zehnder interferometer setup with the one arm carrying the reference pulse [as characterized in (a)] and the other
hosting the setup for the generation of the CVP. A delay line is used to scan the unknown pulse with the reference. An interference image of the captured intensity at −6.5 fs
delay between the linearly polarized pulse and the CVP is shown in the inset. The colorbar corresponds to intensity. The generated images are then used to extract the
spectral phase and frequency distribution of the unknown pulse. PS: pulse shaper, P: polarizer, BE: beam expander, BS: beam splitter, WP: λ/2 waveplate, DG: dispersive
glass, PM: parabolic mirror, SHG: second harmonic generation crystal, L: lens, F: filter, FS: fiber spectrometer, CM: convex mirror, and SWP: segmented waveplate.
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method is used for the compression. The iris is removed after the
pulse compression is completed. In the schematic of Fig. 2(a), the
dispersive glass (DG) and the waveplate of the lower arm are used
to create the same amount of dispersion as the upper arm. Since the
TERMITES setup requires two passes through a beam splitter and
one pass through a polarizer, the dispersive glass (DG) in Fig. 2(a)
corresponds to two beam splitters and a polarizer. Therefore, the
pulse arriving at the camera sensor is still a Fourier transform limited
pulse.

A spatial resolution of at least two pixels per fringe period is
required to resolve all the fringes and avoid 2π phase jumps across
neighboring pixels during the processing of the data. Hence, a care-
ful choice of the convex mirror induced curvature and the camera
sensor is necessary. The same is true for the temporal resolution of
the delay line. Therefore, the experiments are designed to capture
more than 10 samples per period, much more than the theoretical
minimum according to the sampling theorem37 as it is applied to a
Fourier limited pulse in space and time. The overall delay is ∼130 fs,
which is sufficient to scan the overlap of the 10 fs pulses and provide
a spectral resolution of about 13 nm over the bandwidth of inter-
est after the Fourier transform (FFT). That is about 16 wavelength
points in the region between 700 and 900 nm. The resolution can be
further enhanced with a longer delay line.

The above procedure along with the TERMITES algorithm pro-
duces a reference (known) linearly polarized pulse. A simple inter-
ference of this reference pulse with an unknown more complex
structured pulse, like a CVP, is sufficient to reveal the full spatial
and temporal structure of the latter. Such an experimental setup is
given in Fig. 2(b). After the first beam splitter [BS1 in Fig. 2(b)],
two replicas of the pulse are created that travel in two separate arms
of a Mach–Zehnder interferometer. The right part of the interfero-
meter carries the reference pulse, while the left arm is used to gen-
erate a CVP, which then propagates to the final beam splitter [BS2
in Fig. 2(b)] where the two pulses recombine and the interference
takes place. In this case, the beam splitter has to be polarization
independent, as the polarization of the unknown pulse is spatially
dependent. An interference image at −6.5 fs delay between the lin-
early polarized pulse and the CVP is shown in the inset of Fig. 2(b).
The interference pattern is antisymmetric with respect to the cen-
ter of the radially polarized pulse, which is a manifestation of the
radial polarization shown with yellow arrows. A small difference in
the curvature between the two pulses manifests as shorter (longer)
fringes at the (center) edge.

To ensure that dispersion in both paths of the Mach–Zehnder
interferometer is equal to that of the TERMITES experiment, we
introduce dispersive glasses DG1 and DG2 [see Fig. 2(b)]. As
an example, here, we characterize a radially polarized pulse that
is generated from a segmented waveplate.17,38,39 Our polarization
transformer consists of eight achromatic half-wave plates with
the relative orientation of the fast axis at ±11○,±34○,±56○, and
±79○. The joints between the waveplates scatter part of the inci-
dent light, which is removed by a 75 μm pinhole placed at the
Fourier plane. An iris placed before the focusing mirror is used
to select the size of the radially polarized pulse that has to be
smaller or equal to the reference. Any diffraction introduced by
the iris will also be filtered out by the pinhole. The 75 μm pin-
hole allows us to remove diffracted light from the segmented wave-
plate without affecting the cylindrical vector nature of the pulse.

A half-waveplate is placed before the segmented waveplate to rotate
the input polarization and hence select the output polarization that
can be either radial or azimuthal.

The filtered pulse travels to a delay line that creates a vari-
able delay between the CVP and the reference pulse. The Thorlabs
TSGNF5 single axis piezoelectric stage along with a hollow retrore-
flector was used for the delay line. The interferogram is then cap-
tured by the camera. A polarizer before the camera is used not only
for increasing the signal to noise ratio but also to characterize the
two orthogonal polarizations of the CVP. The latter is achieved by
rotating the polarizer at ±45○ with respect to the polarization of the
reference pulse. Hence, two measurements are required. The delay
between the polarizations is assumed to be zero because of the work-
ing principle of the achromatic segmented waveplate. Indeed, the
group delay between the waves traveling along the fast and slow axes
of each segment of our waveplate is considered identical (within the
manufacturing tolerance of λ/40), and therefore, the two orthogo-
nal polarizations are not separated along the propagation direction.
In case that the relative phase is not known, it can be retrieved with
a third measurement by rotating the polarization of the reference
pulse by 45○ with a half-waveplate at 22.5○. Another approach would
be to use a reference pulse polarized at 45○ and interfere it with the x
and y components of the unknown pulse on a polarizing beam split-
ter while simultaneously recording the interference pattern on two
image sensors on a single pass of the linear stage. This method is
similar to POLLIWOG.40

B. Analysis of the recorded data
In this section, we briefly discuss the TERMITES algorithm and

we present the extra analysis steps needed for the characterization of
CVPs. The TERMITES method is used for the spatiotemporal char-
acterization of linearly polarized pulses up to a constant spectral
phase corresponding to the carrier envelope phase. Our approach
inherits these limitations.

In TERMITES, a pulse is interfered with a magnified replica of
itself. A delay line is used to scan the unknown pulse with the refer-
ence. The interference pattern is then recorded by a digital camera,
and an image for each relative delay is stored in a computer, result-
ing in a 3D dataset [see Fig. 3(a)]. For each pixel across all images,
an interferogram is captured, which is the collected energy during
the exposure period transferred to the sensor by the two pulses, as a
function of the delay. This signal is proportional to the time integral
of the intensity of the total electric field and can be written as

S(r, τ) = ∫ ∣ER(r, t) + E(r, t − τ)∣2dt

= I(r) + IR(r) + ∫ [ER(r, t)E∗(r, t − τ)

+ E∗R(r, t)E(r, t − τ)]dt, (1)

with the subscript “R” denoting the reference (diverging) pulse and τ
denoting the delay. The signal on a central pixel is shown in Fig. 3(b).
A constant signal is observed when there is no overlap of the pulses,
mathematically described by the first two terms of Eq. (1), and an
interference signal when they overlap, mathematically described by
the integral. The term s(r, τ) = ∫ ER(r, t)E∗(r, t − τ)dt is the cross
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FIG. 3. A schematic description of image processing in the TERMITES algorithm. The data are acquired from the setup described in Fig. 2(a).
(a) A sequence of interference images captured by a digital camera for successive delays τ of the reference pulse. (b) The cross-correlation signal, S(x, y, τ), at a
single pixel of the camera sensor. That is the measured intensity as a function of the delay. (c) The spectrum derived by a fast Fourier transform (FT ) performed on the
cross-correlation signal of the pixel. (d) Unwrapped phase data (red dots) and the quadratic fitted surface (blue) close to the central wavelength (≃800 nm). The fitted phase
is removed from the total spatially depended phase to reveal the phase due to the STC. (e) The retrieved phase at 794 nm after the application of the iterative algorithm.
(f) The 3D reconstruction of the pulse in time and space through an inverse Fourier transform (F̃T ) of the retrieved amplitude and phase data.

correlation of the two fields. Hence, Eq. (1) takes the form

S(r, τ) = I(r) + IR(r) + s(r, τ) + s∗(r, τ). (2)

A Fourier transform is then performed for every pixel. The
frequency domain signal is now described by the equation

S(r, ω) = FT[S(r, τ)] = FT[I(r) + IR(r)] + s(r, ω) + s∗(r,−ω), (3)

with FT denoting the time to frequency Fourier transform opera-
tor. The equation describes the presence of a zero frequency term,
derived from the Fourier transform of the time stationary term, and
two frequency signals with equal amplitude and at symmetric fre-
quencies. Figure 3(c) shows the results derived from the above anal-
ysis at a position in the central part of the pulse. A zero frequency
term and two symmetric peaks with central wavelength at around
800 nm, in accordance with the central wavelength of our laser, are
formed by the Fourier transform.

The result of the above procedure leads to two sets of images.
One carries the intensity distribution at each frequency and the other
carries the spectral phase. The negative frequencies can be derived
by the complex conjugate of the positive and hence are redun-
dant for the analysis. Additionally, the noise free spectral range is

∼700 to 900 nm. Thus, only images at wavelengths within the
bandwidth of the laser are needed for the analysis, and hence,
the processing time is reduced significantly without any loss of
information.

The Fourier transform of the cross correlation of two signals,
E(r, t) and ER(r, t), is equal to the product of their spectra with one
of them being complex conjugate, as in the cross-correlation inte-
grand. In our case, we have s(r, ω) = ER(r, ω)E∗(r, ω). The ampli-
tude and phase of the signal that we are interested are thus given by

∣s(r, ω)∣ = AR(r, ω)A(r, ω), (4)

arg(s(r, ω)) = φR(r, ω) − φ(r, ω), (5)

with A being the amplitude of the spectrum and φ being the spectral
phase.

In the TERMITES algorithm, the spectral phase that is created
from the convex mirror is removed by fitting a quadratic surface to
the phase data [Fig. 3(d)] and then an iterative algorithm is applied
[Fig. 3(e)] until the retrieved spectral phase correctly reproduces the
known relationship between the pulse and its expanded replica.14 An
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inverse Fourier transform then reconstructs the linearly polarized
pulse in time and space [Fig. 3(f)].

Following the characterization of the reference pulse, the
Mach–Zehnder experiment is performed. A delay line is used to

scan the unknown CVP pulse with the characterized reference, and
the interference pattern is again recorded on an image sensor; see
Fig. 4(a). The total length of the delay line is 20 μm and is scanned
with a step of 20 nm, resulting in a total delay of 40 μm and step

FIG. 4. TERMITES-MAZE method for the characterization of a radially polarized pulse. (a) A simplified schematic of the experiment, where the reference pulse from the
previous part of the method is interfered with the unknown CVP. (b) A sequence of interference images captured by a digital camera for successive delays of the reference
pulse with respect to the CVP. (c) Spectral amplitude and phase of the Fourier transformed interference images at λ = 794 nm. (d) The retrieved amplitude and phase of
the x polarization of the radially polarized pulse at 794 nm after the division and subtraction of the reference pulse’s amplitude and phase from the cross-correlation spectra.
The spectral phase of the regions with field amplitude lower than 10% of the maximum has been masked to 0 phase value. We note that the form of the cross-correlation
amplitude and phase maps [panel (c)] of the CVP and the reference linearly polarized pulse is mainly controlled by the field structure of the CVP [panel (d)]. (e) The 3D
reconstruction of the x polarized component of the radially polarized pulse in space and time [where we assume (z∼ct)].
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of 40 nm for the two-way trip of the pulse. The captured data, con-
sisting of 1000 interference patterns, are again transferred to the fre-
quency domain, Figs. 4(b) and 4(c), where the amplitude and phase
of the signal are given by Eqs. (4) and (5). However, in this case,
the reference spectral amplitude and spectral phase are known, since
they correspond to the characterized linearly polarized pulse. There-
fore, the spectral amplitude and phase of the CVP are retrieved by a
division of the spectral amplitudes and a subtraction of the spectral
phases,

A(r, ω) = ∣s(r, ω)∣/AR(r, ω), (6)

φ(r, ω) = φR(r, ω) − arg(s(r, ω)). (7)

The output is the frequency domain representation of the unknown
CVP [Fig. 4(d)]. An inverse Fourier transform transfers the pulse
to the time domain where the three dimensional shape of the pulse
is reconstructed [Fig. 4(e)]. The procedure is then repeated for the
orthogonal polarization, and the results are combined.

Figure 5 shows the spectral amplitude and spectral phase of
the x and y polarizations of a radially polarized pulse at 794 nm
as derived by the analysis. The spectral phase is calculated only on
regions with field amplitude higher than 10% of the maximum of

the central wavelength. In these areas, the pulse has a phase dif-
ference of π between its left and right (or top-bottom) parts as
expected for a CVP due to the polarization singularity in its cen-
ter. The small deviation of the phase profile from the cylindrical
symmetry is due to the existence of relatively weak space–time cou-
plings, such as pulse front tilt and curvature, as can be seen in Fig. 6.
The spectral amplitude and phase plots of the remaining wave-
lengths can be found in the supplementary as animations for both
polarizations.

An inverse Fourier transform is applied to reconstruct the
three dimensional shape of the pulse in the time domain.
Figures 6(a)–6(d) show the x − t and y − t cross sections for the x and
y polarization, respectively, of a radially polarized pulse and their
3D reconstruction as an isosurface at half of the maximum ampli-
tude. The pulse is 10 fs long, and it is clear that apart from a small
curvature and a small pulse front tilt in the x direction, it does not
have significant aberrations. A similar small curvature and PFT also
exist in the initial linearly polarized pulse, which is attributed to
minor imperfections in the initial part of the setup.

In contrast, Fig. 7 shows the reconstruction of a pulse exhibit-
ing PFT in its x direction. This is the initial pulse from the laser,
and it has a PFT and an uneven distribution of intensity [see
Figs. 7(a) and 7(b)] that it is corrected with a wedge [Figs. 6(a) and
6(b)]. The existence of the PFT offers an opportunity to apply the

FIG. 5. Retrieved amplitude [(a) and (b)] and phase [(c) and (d)] of the horizontal [(a) and (c)] and vertical [(b) and (d)] polarizations of a radially polarized pulse at 794 nm
according to the TERMITES-MAZE algorithm. The spectral phase in (c) and (d) exhibits a π phase difference between the left-right and top-bottom areas, respectively.
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FIG. 6. (a) and (b) x − t cross section of the x polarized electric field of a 10 fs radially polarized pulse and its isosurface plot at half of the maximum electric field value as it
is reconstructed with the TERMITES-MAZE method. (c) and (d) y − t cross section of the y polarized electric field of the same pulse and its isosurface plot.

FIG. 7. (a) and (b) x − t cross section of the x polarized electric field of a 10 fs radially polarized pulse exhibiting a PFT and its isosurface plot at half of the maximum electric
field value as is reconstructed with the TERMITES-MAZE method. (c) and (d) y − t cross section of the y polarized electric field of the same pulse and its isosurface plot.
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developed method for the characterization and correction of the lat-
ter. The measured PFT is found to be about seven fs/mm, and it was
retrieved by fitting a paraboloid to the spatially depended delay of
the pulse, which is directly related to the spatially depended spectral
phase provided by the analysis.41 A way to quickly correct the tilt is
to insert a wedge. The induced PFT due to a wedge can be calculated
from the following equation:6

ξ = λ0 tan(θ)
c

dn
dλ

, (8)

with λ0 being the central wavelength of the pulse, c being the speed
of light, n being the refractive index, and θ being the angle of the
wedge. Here, we have used a commercially available 5○ fused silica
wedge plate in the path of the pulse. From Eq. (8), we calculate the
PFT introduced by the wedge to be about 6 fs/mm. The wedge was
inserted in such a way that influenced and corrected the profile of
the pulse along the horizontal axis, x direction. The corrected pulse
is shown in Fig. 6 and exhibits a PFT of about 0.5 fs/mm, which
is close to the expected value from Eq. (8). The fact that the exis-
tence of the PFT on the generated CVP was discovered only during
the development of the method highlights its practicality to any field
employing such pulses.

III. CONCLUSIONS
In this paper, we have presented a technique for the spatiotem-

poral characterization of CVPs and we demonstrated its capabilities
by a complete spatiotemporal characterization of a 10 fs radially
polarized pulse. The technique is a Mach–Zehnder interferometry
extension to the TERMITES method that allows us to overcome the
limitation of the latter and to characterize pulses with polarization
singularities. A radially polarized pulse exhibiting pulse front tilt was
also characterized to illustrate the capabilities of the method.

In the current implementation, the method characterizes CVPs
whose relative phase between the two orthogonal polarizations is
a priori known, and hence, it is not measured. However, in certain
cases, this relative phase is not known, for example, in pulses with
dynamic polarization like polarization gates that are used for the
generation of isolated attosecond pulses.42 The TERMITES-MAZE
method can be easily extended for the characterization of such pulses
by altering the setup to use a reference pulse polarized at 45○ and
interfere it with the x and y components of the unknown pulse on a
polarizing beam splitter, similar to the POLLIWOG method.40

Apart from the characterization of CVPs, the method can be
applied to ultrashort light structures possessing a number of polar-
ization or phase singularities. The latter is of paramount importance
to transfer the field of topological optics43 from monochromatic
beams to singular pulses.44 Additionally, many applications of CVPs
such as free space communications or micro-machining can directly
benefit from the method acting as a diagnostic tool that allows us to
achieve an optimal pulse shape. Finally, TERMITES-MAZE can be
employed to explore the generation, propagation, and applications
of novel structured ultrafast pulses.

SUPPLEMENTARY MATERIAL

Supplementary material videos, cvp_x.mp4 and cvp_y.mp4,
present the spectral amplitude (left) and phase (right) plots of

the CVP pulse for each polarization, as they are retrieved by the
TERMITES-MAZE method. Each frame in the videos corresponds
to amplitude and phase plots at a single wavelength in the range
670–900 nm. The units in the horizontal and vertical axes are in
pixels, with each pixel being 5.2 μm in size.
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APPENDIX: CYLINDRICAL VECTOR PULSES

Cylindrical vector beams are solutions to Maxwell’s equation
whose amplitude, phase, and polarization are axially symmetric.
They have been extensively studied, and they are routinely generated
and characterized.45 Their unique properties have found numerous
applications, such as tight focusing,38 efficient particle trapping,46,47

super-resolution microscopy,48 dense optical 3D data storage,49 and
data encoding for optical communications,50 to name a few. Fur-
thermore, their space-polarization non-separability has been applied
to extend the concepts and tools of quantum physics to “classically
entangled” states.51,52

Cylindrical vector pulses are the pulsed version of the cylin-
drical vector beams. Although they offer more opportunities for
applications, they are less studied due to the difficulty of their gen-
eration and characterization. They share all of the characteristics
that make these propagating light structures interesting with addi-
tional important features arising due to their pulsed nature. Their
short duration renders them ideal for microprocessing of materials
since they combine reduced thermal damage to the material with
the increased efficiency and homogeneity of the radial polarization
when used in micro-drilling.53 In fact, single-cycle CVPs, termed
“flying donuts,” exist,54 for which applications in particle accelera-
tion have been suggested. Moreover, such pulses exhibit topologi-
cal structure with a number of localized singularities,44 while their
toroidal topology is ideal for engaging toroidal and anapole modes
in matter.55,56
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