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Space-time wave packets (STWPs) are propagation-
invariant pulsed beams whose characteristics stem from
the tight association between their spatial and temporal
degrees of freedom. Until recently, only scalar STWPs have
been synthesized in the form of light sheets. Here we syn-
thesize vector STWPs that are localized in all dimensions
by preparing polarization-structured spatiotemporal spec-
tra and unveil the polarization distribution over the STWP
volume via time-resolved complex field measurements. Such
vector STWPs are endowed with cylindrically symmetric
polarization vector structures, which require joint manipu-
lation of the spatial, temporal, and polarization degrees of
freedom of the optical field. These results may be useful in
particle manipulation, and in nonlinear and quantum optics.
© 2022 Optica Publishing Group
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Bringing the various degrees of freedom (DoFs) of the optical
field under joint control helps expand the repertoire of field struc-
tures, which can potentially open up vistas of new applications.
For example, advances in sculpting the spatial distribution of
the polarization vector has enabled the study of so-called “vec-
tor beams,” which produce tighter focal spots [1–5], among other
possibilities [6,7]. Alternatively the temporal and polarization
DoFs can be jointly manipulated to vary the polarization vector
in time along an ultrashort pulse [8,9] for applications in quan-
tum control [10,11] and nanoscale field structuring [12]. More
recently, space-time wave packets (STWPs) [13,14] have been
developed in which the spatial and temporal DoFs are jointly
modulated to bring about propagation invariance [15–17], tun-
able group velocity [18–20], dispersion cancellation [21,22],
and novel device physics [23–25]. All these phenomena were
observed by using recently identified “baseband” STWPs [14]
rather than previously studied classes of propagation-invariant
fields that do not exhibit these effects [26,27].

A new frontier for structured light aims at manipulating all
the field DoFs simultaneously: spatial, temporal, and polariza-
tion. Recent efforts in this area include the study of polarization
structures in space-time coupled optical fields [28–32] and
vector-beam polarization structures have been examined in the
context of STWPs [33]. However, until very recently, STWPs
have been synthesized along only one transverse dimension

(light sheets), so that the polar 2D transverse polarization dis-
tribution associated with vector beams is incompatible with
the light-sheet geometry. Furthermore, time-resolved measure-
ments to reveal the internal polarization structure of the
STWP were not carried out in [33]. New methodologies
have emerged recently for synthesizing STWPs localized in
all dimensions [29,34–36], which may yield STWPs with
cylindrical symmetry in both the field and the polarization
structure.

Here we synthesize and characterize vector STWPs:
propagation-invariant, space-time coupled pulsed beams that
are localized in all dimensions and simultaneously feature a
spatiotemporally structured polarization vector, as illustrated in
Fig. 1. Such field structures necessitate simultaneously modulat-
ing both transverse spatial dimensions, time, and the polarization
vector to produce cylindrically symmetric vector light bullets
that are propagation invariant and localized. We realize vector
STWPs with radial and azimuthal polarization symmetry and
confirm their propagation invariance. Time-resolved measure-
ments of the complex field distribution unveil the polarization
structure of the 3D vector STWP field. By combining these
unique characteristics with the demonstrated exquisite control
over the group velocity for STWPs [20] and the possibility of
incorporating orbital angular momentum [35,36], we expect that
vector STWPs can enable the exploration of new phase-matching
conditions in nonlinear optical processes.

We first formulate vector STWPs theoretically. Propagation
invariance of STWPs necessitates introducing a one-to-one

Fig. 1. Structure of a vector STWP with azimuthal polarization
symmetry at a fixed axial plane. We plot the spatiotemporal intensity
profile I(x, y; t) at a fixed z and superimpose the distribution of the
polarization vector at t > 0 and t < 0.
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Fig. 2. Spectral support for a superluminal 3D STWP on the
surface of the light-cone and its spectral projections (a) in (kr, kz, ω

c )-
space and (b) in (kx, ky, ω

c )-space. Schematic of the optical setup (c)
for synthesizing 3D ST wave packets and (d) for interferometrically
characterizing 3D ST wave packets. VWP, vortex wave plate; HWP,
half-wave plate; CBG, volume chirped Bragg grating.

spectral association between the transverse radial wavenumber kr

and the temporal frequencyω [14]: Ω
ωo

≈
k2
r

2k2
o (1−cot θ ) in the paraxial

regime; here ωo is a carrier frequency,Ω=ω − ωo, ko=
ωo
c is the

associated wavenumber, c is the speed of light in vacuum, and the
physical significance of the angle θ will become clear shortly.
This particular form of radial angular dispersion ensures that
the axial wavenumber kz is linearly related to ω: kz=ko +Ω/˜︁v,
where ˜︁v=c tan θ [17,36]. This is the equation for a plane in
(kr, kz, ω

c )-space that is parallel to the kr axis and makes an angle
θ (the “spectral tilt angle”) with the kz-axis [Fig. 2(a)]. Such a
plane intersects with the surface of the light-cone k2

r + k2
z = (

ω

c )
2

in a conic section: an ellipse when |˜︁v| < c and a hyperbola
when |˜︁v| > c, both of which are approximated by a parabola
in the paraxial regime where kr ≪ko. In this construction, the
envelope ψ of a scalar STWP, E(r, z; t)=ei(koz−ωo t)ψ(r, z; t), trav-
els rigidly in free space (without diffraction or dispersion) at a
group velocity˜︁v: ψ(r, z; t)=ψ(r, 0; t − z/˜︁v) [20,36].

When represented in terms of the Cartesian components in
(kx, ky, ω

c )-space, the spectral support for a STWP is a conic
surface of revolution (an ellipsoid or hyperboloid), as shown
in Fig. 2(b). Each frequency ω is associated with a circle
comprising all wave vectors whose transverse components kx=
ω

c sin φ cos χ and ky=
ω

c sin φ sin χ have the same radial mag-
nitude kr=

√︁
k2

x + k2
y =

ω

c sin φ. We assign to each wave vector
a different polarization unit vector; e.g., an azimuthally sym-
metric polarization field êa(χ)=−(sin χ)x̂ + (cos χ)ŷ [Fig. 2(b)]
or a radially symmetric polarization field êr(χ)= (cos χ)x̂ +
(sin χ)ŷ. In both cases, the polarization vector is independent
of the radial coordinate (but vanishes at the origin). We show
below that this polarization-structured spatiotemporal spectrum
is converted in physical space to a 3D STWP with the same
polarization structure distributed in space and time.

To synthesize the 3D STWPs, we do not follow the approach
developed in [17,20] that involves using a spatial light modu-
lator (SLM) to impart a 2D phase distribution to the spectrally
resolved wavefront. As pointed out in [37], this type of approach
can only modulate the field along one spatial dimension, because
the other SLM dimension is reserved for modulating the tempo-
ral spectrum. Therefore, we make use instead of the technique

Fig. 3. (a) Conceptual illustration of the formation of a vector
STWP with azimuthally symmetric polarization plotted at a fixed
axial plane after the Fourier transform of the polarization-modulated
spatiotemporal spectrum. (b) Vector STWP intensity I(x, y, 0; τ) at a
fixed axial plane at two different τ: τ<0 and τ>0. (c) Vector STWP
intensity I(0, y, 0; τ) at a fixed axial plane z, in a meridional plane
x=0. (d) Time-averaged intensity I(x, y, 0) at a fixed axial plane,
and (e) I(0, y, z) along z in a meridional plane. In panels (b)–(e), we
overlay the polarization-vector distribution on the intensity.

introduced in [36] that engenders a prescribed radial angular dis-
persion profile encompassing both transverse dimensions via a
three-stage approach [Fig. 2(c)]. First, starting with generic plane
wave femtosecond pulses (Tsunami, Spectra Physics; ∼100-
fs pulses centered at a wavelength of ≈796 nm), a volume
chirped Bragg grating (CBG; OptiGrate L1-02) in a double-pass
configuration spreads the pulse spectrum along one transverse
dimension while maintaining a flat phase front. In contrast, the
spectrally resolved wavefront produced by a diffraction grating
has a rapidly varying phase modulation. The 34-mm-long CBG
has a central axial periodicity of 270 nm, a chirp rate of −30
pm/mm, and an average refractive index of n=1.5, resulting in a
linear spatial chirp of approximately −22.2 mm/nm at λo=796
nm [38,39] over a bandwidth of ≈0.3 nm.

Second, a spectral transformation implemented via a pair of
SLMs [40] reshuffles the wavelengths along one dimension in
space to produce an arbitrary linear chirp as required to tune
the group velocity of the STWP [36]. Third, a log-polar geo-
metrical transformation is implemented using a sequence of two
axially separated phase distributions, whereby each line associ-
ated with a single wavelength in the incident field is transformed
at the output into a circle [40,41] (i.e., operated in the opposite
direction as that implemented in [42,43]). The result is a spec-
trally resolved wavefront in which the wavelengths are arranged
radially as a desired sequence of concentric circles, correspond-
ing to the spectral support in Fig. 2(b). The second and third
stages are combined in Fig. 2(c) within the spatiotemporal (ST)
transformation. Finally, a Fourier transforming spherical lens
(300-mm focal length) produces the 3D STWP in physical space
[Fig. 2(c)]. The resulting structure of the scalar propagation-
invariant STWP at a fixed axial plane z is rotationally symmetric
around the propagation axis, and the spatiotemporal profile is
X-shaped in any meridional plane. We synthesize radially and
azimuthally polarized vector STWPs traveling at a superluminal
group velocity˜︁v = 1.2c (θ=50◦).

To introduce the structured polarization into the 3D STWP,
we place a vortex wave plate (VWP, Thorlabs WPV10L-780)
immediately after the lens [Fig. 2(d)]. It is conceptually clearer
to place the VWP in the plane immediately preceding the lens
[Fig. 3(a)], whereby each point in this spectral plane corresponds
to a single wavelength λ and transverse wavenumber kr(λ), and
the VWP changes the polarization along the azimuthal angle χ.
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Fig. 4. Intensity profiles I(x, y) of vector STWPs at a fixed axial
plane z=50 mm with (a)–(e) radial or (f)–(j) azimuthal polarization
symmetry. (a),(f) Total intensity distribution. The remaining panels
are the intensity profiles projected onto the polarization indicated
by the arrows in the top right corners.

Several changes occur in the STWP structure in the presence of
the azimuthally or radially symmetric polarization vector field.
First, a null is formed in the intensity along the propagation
axis [Fig. 1]. This is clear whether the time-resolved intensity
is examined at a fixed plane z, I(x, y, 0; τ)= |E(x, y, z=0; τ)|2
[Figs. 3(b) and 3(c)] or in the time-averaged intensity I(x, y, z)=∫

dτ I(x, y, z; τ) [Figs. 3(d) and 3(e)]. Second, at a fixed axial
plane z, the polarization vector is distributed over the 3D spa-
tiotemporal structure of the STWP. At each time τ, the field
in the (x, y)-plane is endowed with the vector beam structure
encoded at the source in the spectral plane [Figs. 3(b) and 3(c)].

Third, the overall direction of the polarization at each posi-
tion in the (x, y)-plane in the time-resolved field structure is
reversed at τ>0 with respect to that at τ<0 [Figs. 3(b) and
3(c)]: êa(χ)→−êa(χ). A similar inversion occurs for the radially
symmetric polarization configuration êr(χ)→−êr(χ). This can
be understood as a manifestation of “time-diffraction” [44,45]
whereby the structure at fixed z of the non-diffracting STWP
ESTWP(x, y, 0; τ) corresponds to the structure of a monochromatic
beam Emono(x, y, z) after replacing z in Emono with an appropriately
scaled τ in ESTWP when initially ESTWP(x, y, 0; 0)=Emono(x, y, 0).
In other words, the evolution of the monochromatic beam along
z (diffractive spreading) is displayed by the STWP in time τ at
fixed z. This is clear in the vector STWP field structure in a
meriodional plane [Fig. 3(c)]. Fourth, the vector STWP is prop-
agation invariant like its scalar counterpart [Fig. 3(e)]. Note
the double-sided arrows at each position in the time-averaged
intensity [Figs. 3(d) and 3(e)] resulting from integration over
time (whereupon the polarization vector changes by a phase π).
This distinguishes the vector STWP from its monochromatic
counterpart, where the vector is fully defined at each point.

In our experiments, we measure along the different polar-
ization axes the time-averaged intensity I(x, y, z) (Fig. 4 and
Fig. 5), the time-resolved intensity I(x, y, z; τ) (Fig. 5), and the
time-resolved complex field E(x, y, z; τ) (Fig. 6), following the
methodology developed in [36]. First, we acquire polarization
projections of the time-averaged transverse intensity profiles
at a fixed axial position z=50 mm by placing a CCD cam-
era (TheImagingSource, DMK27BUP031) and polarizer in the
path of the STWP (Fig. 4). We plot the measurement results for
a radially polarized vector STWP in Figs. 4(a)–4(e) and for an
azimuthally polarized vector STWP in Figs. 4(f)–4(j). The inten-
sity profiles at z=50 mm with no polarizer are donut-shaped
with a radius of ≈35µm [Figs. 4(a) and 4(f)], which become
the typical Hermite–Gaussian-like field structure after the linear
polarizer. Moreover, we verify the propagation invariance of the

Fig. 5. (a) Time-averaged intensity I(x, y, z=50 mm) for a linearly
polarized STWP, (b) axial evolution of the time-averaged intensity
in a meridional plane I(x=0, y, z), and (c) time-resolved intensity
profile I(x=0, y, z=50 mm; τ). The white bar in panel (b) corre-
sponds to the Rayleigh range of a Gaussian beam having the same
transverse width of the STWP in panel (a). (d)–(f) Same as panels
(a)–(c) for a radially polarized vector STWP. (g)–(i) Same as panels
(a)–(c) for an azimuthally polarized vector STWP.

vector STWPs by scanning the CCD camera along the z axis
to record the axial evolution of the time-averaged intensity. We
carry out this measurement for a scalar STWP as a reference
in Fig. 5(b), where diffraction-free propagation over L≈40 mm
is observed with a central lobe having FWHM≈30µm. Sim-
ilar diffraction-free behavior is observed for the radially and
azimuthally polarized vector STWPs [Figs. 5(e) and 5(h)].

The time-resolved intensity profile I(x, y, z; τ) at a fixed axial
plane z is reconstructed by placing the vector STWP synthesis
setup in one arm of an interferometer [Fig. 2(d)] while utilizing
the linearly polarized (tuned via a half-wave plate [Fig. 2(d)])
short input plane wave pulse as a reference in the second arm. By
sweeping an optical delay line in the reference path, the visibil-
ity of the interferogram recorded when the reference pulse and
STWP overlap in space and time helps reconstruct the spatiotem-
poral intensity profiles I(x, y, z; τ). We plot in Figs. 5(c),5(f), and
5(i) the reconstructed profiles for the scalar, radially polarized,
and azimuthally polarized STWPs in a meridional plane x=0,
respectively. These time-resolved measurements reveal clearly
the expected X-shaped profile with a peak at y=0 for the scalar
STWP [Fig. 5(c)] and a dip at the center for the vector STWP
counterparts [Figs. 5(f) and 5(i)]. The radially and azimuthally
polarized vector STWPs have different polarization states in the
meridional plane x=0, which corresponds to the polarization of
the reference pulse that interferes with the vector STWP.

Simulations predict that the polarization vector switches sign
upon passing through τ, but the time-resolved intensity measure-
ments in Fig. 5 cannot directly confirm that behavior. Instead,
we add a small angle between propagation directions of the
reference pulse and STWP [Fig. 2(d)] to produce off-axis inter-
ference fringes from which we reconstruct the complex field
distribution for each polarization component via the off-axis
digital-holography algorithm (see [36] for more details) and
hence the complex field E(x, y, z; τ). The field is recorded at
three points in time τ=−5, 0, 5 ps at the fixed axial position
z=50 mm. The expected topological polarization structure is
confirmed for the radially polarized STWP is revealed, including
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Fig. 6. Reconstructed polarization structure E(x, y, z=50 mm; τ)
at τ=−5, 0, 5 ps for (a)–(c) radially polarized and (d)–(f)
azimuthally polarized vector STWPs. To improve the visualization,
we plot as a background the total intensity I(x, y, z=50 mm, τ). The
polarization is represented by green arrows whose direction and
length correspond to those of the vector field E(x, y, z=50 mm; τ).

the polarization flips occurring in the sidelobes [Figs. 6(a)–6(c)].
Moreover, the measurements confirm the predicted flip in polar-
ization direction at each point in space for τ>0 with respect to
that for τ<0. In Figs. 6(d)–6(f), similar behavior is observed for
the azimuthally polarized vector STWP.

In conclusion, we have synthesized and characterized
propagation-invariant vector STWPs in which the spatial, tem-
poral, and polarization degrees of freedom are inextricably
intertwined. The STWPs are localized along all dimensions and
are endowed with a structured polarization distribution over
its spatiotemporal volume, which is maintained for extended
propagation distances. These results may be useful for novel
experiments in particle control or optical communications
through turbulent environments. Moreover, it has been argued
that combining control over the orbital angular momentum (as
demonstrated in [36]) and the polarization structure (as demon-
strated here) can impact the photon statistics of quantum states
of light [46]. Finally, one may also consider combining this
approach with recent techniques using metasurfaces to also vary
the polarization state along the propagation axis [47].
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