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ABSTRACT

The Talbot effect, epitomized by periodic revivals of a freely evolving periodic field structure, has been observed with waves of diverse physi-
cal nature in space and separately in time, whereby diffraction underlies the former and dispersion underlies the latter. To date, a combined
spatiotemporal Talbot effect has not been realized in any wave field because diffraction and dispersion are independent physical phenomena,
typically unfolding at incommensurable length scales. Here, we report the observation of an optical “space-time” Talbot effect, whereby a
spatiotemporal optical lattice structure undergoes periodic revivals after suffering the impact of both diffraction and dispersion. The dis-
covered space-time revivals are governed by a single self-imaging length scale, which encompasses both spatial and temporal degrees of
freedom. Key to this effect is the identification of a unique pulsed optical field structure, which we refer to as a V-wave, that is endowed
with intrinsically equal diffraction and dispersion lengths in free space, thereby enabling self-imaging to proceed in lockstep in space and
time.

© 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/10.1063/5.0045310

I. INTRODUCTION

Since Talbot reported in 1836 his observation of axial self-
imaging in an optical field endowed with a periodic transverse spatial
profile,’ the eponymous effect has remained a source of fascina-
tion.”* Such a periodic field first undergoes diffractive spreading
in space such that the initial periodic structure is progressively lost,
only for the original periodic profile to be revived at planes sepa-
rated by the Talbot distance zr. In optics, the Talbot effect has
found a myriad of applications’ ranging from structured illumina-
tion in fluorescence microscopy® to prime-number decomposition’
and phase-locking of laser arrays.” An analogous temporal Talbot
effect exists where dispersive spreading in time replaces diffractive
spreading in space. In this scenario, pulses in a periodic train first
spread and overlap temporally, followed by subsequent revivals of
the original structure in the time domain at planes separated by the
temporal Talbot distance zr;. The temporal Talbot effect has been
observed thus far in single-mode optical fibers,”'” where it has been
employed in removing distortion,'! filtering noise,'” and pulse-rate
multiplication.'? '°

To date, the spatial and temporal Talbot effects have been stud-
ied as separate physical phenomena. Can Talbot self-imaging be
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observed simultaneously in space and time? In other words, start-
ing with a field having a spatiotemporal periodic lattice structure,
can spontaneous revivals occur after the lattice disintegrates under
the joint impact of diffraction in space and dispersion in time? It
is easy to recognize that combined spatiotemporal self-imaging is,
in fact, possible if independent revivals are arranged to coincide
z1,x = 21,1, Which requires that the dispersion length precisely match
the diffraction length (or an integer multiple thereof). Indeed, even
slightly mismatched diffraction and dispersion lengths can obscure
such coinciding self-imaging revivals. However, this requirement is
in conflict with the fundamental fact that diffraction and dispersion
are physically independent phenomena that are governed by alto-
gether different parameters of the field and thus usually operate on
disparate length scales. Consequently, the axial self-imaging lengths
for the spatial and temporal Talbot effects are usually incommensu-
rate (for example, zr > zrx for optical waves). This creates chal-
lenging technical hurdles, and a combined spatiotemporal Talbot
effect has not been realized thus far.

Here, we propose and demonstrate an optical field configu-
ration that enables the observation of a “space-time” (ST) Talbot
effect, that is, Talbot self-imaging unfolding jointly in space and
time at a single axial length scale underlying both diffraction and
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dispersion. Rather than simply combining decoupled spatial and
temporal Talbot effects at coinciding planes, we observe a new Tal-
bot effect in which the field evolution in space and time is cor-
related by virtue of the field structure itself. The key to realizing
this ST Talbot effect is the identification of a novel pulsed optical
beam structure—dubbed a “V-wave”—whose spatial and temporal
degrees of freedom are inextricably linked. V-waves are endowed
with a unique spectral structure whereby each spatial frequency is
precisely associated with a single prescribed temporal frequency (or
wavelength). The spatial and temporal frequencies are selected to be
linearly proportional to each other, leading to a V-shaped spatiotem-
poral spectrum that occupies a reduced-dimensionality subspace
with respect to that of conventional optical wave packets whose spec-
tra are separable with respect to the spatial and temporal degrees
of freedom.'® This field structure endows the axial wave number
with a “Janus” form (Janus is the two-faced Roman god): when
expanded in terms of the spatial frequencies, the axial wave num-
ber describes diffractive spreading in space, but when expanded in
terms of the temporal frequencies, it describes dispersive spread-
ing in time. Therefore, the spectral structure of a V-wave results
in group velocity dispersion (GVD) in free space in concurrence
with diffraction. Crucially, the length scales associated with diffrac-
tion and dispersion of a V-wave are guaranteed to be intrinsically
matched.

By discretizing the spatiotemporal spectrum of a V-wave, the
optical field forms a periodically checkered spatiotemporal lattice.
We observe rich axial dynamics enfolding in space and time as this
lattice propagates freely. The lattice first degenerates into a disor-
dered pattern after experiencing diffractive and dispersive spread-
ing, prior to the emergence of subsequent periodic revivals. Because
diffraction and dispersion of the underlying V-wave unfold in lock-
step, a single self-imaging length scale, the ST Talbot length zsr,
dictates the planes at which revivals take place jointly in space and
time. Remarkably, there is no need for adjusting the decoupled spa-
tial and temporal degrees of freedom. Indeed, the field invariably
maintains equal diffraction and dispersion lengths even when spa-
tial or temporal parameters are varied. The observation of the ST
Talbot effect thus becomes viable in free space over experimen-
tally convenient length scales without recourse to a highly dispersive
medium.

Our experiments unveil unique features jointly in space-time
that are associated with the purely spatial and temporal Talbot
effects. For example, we record the displacement of the spatiotem-
poral lattice by half a period along both space and time at mid-
Talbot planes, and we record a spatiotemporal lattice-period halving
(rate-doubling) at quarter-Talbot planes. Finally, the tight associa-
tion between the spatial and temporal spectral degrees of freedom
leads to a new manifestation of the “veiled” Talbot effect:'” despite
the dramatic evolution of the spatiotemporal field structure with
propagation, these changes are nevertheless altogether masked in
the time-averaged intensity where no axial dynamics are displayed.
The intensity in space features instead a diffraction-free transverse
periodic structure, having a period half that of the underlying spa-
tiotemporal lattice structure, whose axial dynamics are hidden from
view. Our results may potentially impact high-speed optical-beam
steering,'® three-dimensional nonlinear lithography,'””’ and clock
synchronization,”’ all of which can benefit from the controllable
synthesis of spatiotemporal optical lattices.
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© Author(s) 2021

1l. CONVENTIONAL TALBOT EFFECTS IN SPACE AND
TIME

To set the stage for elucidating the concept of the ST Talbot
effect, we first briefly describe the purely spatial and temporal optical
Talbot effects in addition to assessing the prospect of observing them
simultaneously (see the supplementary material for details).

A. The spatial Talbot effect

The field of a monochromatic beam at a temporal frequency w,
can be written as E(x,z;t) = e/%* %) y(x, z), where k, = “ is the
associated wave number, c is the speed of light in vacuum, and the
spatial envelope y/(x,z) in the paraxial regime is expressed as the
angular spectrum,

~ K
v(xz) = / dky (ki) exp{ikex} exp{—ijz}, (1)
{J

where the spatial spectrum ¥y (k) is the Fourier transform of
y(x,0); we assume, for simplicity, that the field is uniform along the
transverse coordinate y, and we retain the transverse and axial coor-
dinates x and z with wave-vector components k, and k, respectively
(we refer to k, as the spatial frequency). If the initial transverse spa-
tial profile y(x,0) is periodic with period L, the spatial spectrum is
discretized at ky = mZL—”, where m is an integer index, as illustrated in
Fig. 1(a). Upon discretization of the spatial spectrum, the phase term

2
exp{—iZkT*z} responsible for diffractive spreading takes the form
exp{—i2mm*z/zr,}. The field first diffracts before the initial pro-
file is revived y(x,fzry) = y(x,0) at axial planes separated by the
spatial Talbot distance z7,, = ZALZ (¢ is an integer and ko, = il).; This
Talbot effect can still be observed with pulsed or broadband fields
whose spectrum is separable with respect to kx and w [Fig. 1(b)],
when space-time coupling is minimal Aw << w,, or after removing
chromatic aberrations.”” **

B. The temporal Talbot effect

When a plane wave optical pulse E(z,t) = ¢/ ("%* @y (7, 1)
propagates in a dispersive medium, the temporal envelope y(z,t)
expressed as an angular spectrum is

y(a0) = [ dOFi(0) exp(-i0(t - %)}exp{i%kzﬂzz}, @)

where the temporal spectrum ¥;(Q) is the Fourier transform of
¥(0,t), n is the refractive index at the central frequency w,, Q
=w— w, is the temporal frequency with respect to w,, Vv is the

ity L= dke = &k i .
group velocity 5 = 4|, and ka = {5 0o 8 the GVD parame

ter.'® Because dispersive spreading in time is the analog of diffractive
spreading in space,””° a temporal Talbot effect occurs when the
field profile at z = 0 is periodic in time with period T. The tempo-
ral spectrum of this pulse train is discretized at Q = m% [Fig. 1(c)],

and the phase term exp{i%szfz} responsible for dispersive spread-
ing takes the form exp{i2msgn(k,)m*z/zr,}, where sgn(k;) = +1
is the sign of the GVD parameter. The pulse train first disperses
and the pulses overlap temporally before it reconstitutes itself axi-

ally at planes separated by the temporal Talbot distance zr; = %;
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FIG. 1. Spectral representation of Talbot effects in space, time, and space-time.
(a) In the purely spatial Talbot effect, the spatial spectrum of a monochromatic
beam represented in (k, %)-space is sampled periodically along kx at multiples
of ZT“ (b) The spatial Talbot effect when implemented with a pulsed beam. (c) In
the purely temporal Talbot effect, the spectrum of a plane wave pulse is sampled
periodically along w at multiples of 27” (d) The temporal Talbot effect when imple-
mented with a pulsed beam. (e) Combined—but independent—spatial and tempo-
ral Talbot effects in which the spatial and temporal spectra are sampled periodically
at multiples of 2% and 2, respectively. The spatiotemporal spectra in (a)(e) are
all separable with respect to ky and w. (f) The ST Talbot effect that makes use of a
pulsed beam having a V-shaped spatiotemporal spectrum, w = wo + aclky|. The
spatial spectrum is sampled at multiples of ZT" which corresponds to sampling the

temporal spectrum at multiples of 27” where L = acT.

y(Lzry, t) = y(0,t — £7Lt). Because plane wave pulses do not experi-
ence GVD in free space, this effect requires a dispersive medium for
its observation.

To date, the temporal Talbot effect has not been realized in
a freely propagating optical field and has been observed only in
single-mode fibers. In such a fiber (k; ~ 25 ps2/km at Ao ~ 1.5 ym),
zr,; > 10 km for a pulse train at a repetition rate of 1 GHz. Reducing
this length requires either increasing the repetition rate or increas-
ing the fiber dispersion (e.g., by utilizing a fiber Bragg grating'"*").
Whereas zr, is governed purely by the field structure, zr; is gov-
erned by factors that are extraneous to the optical field: the GVD
offered by available optical materials and technological limits on

APL Photon. 6, 056105 (2021); doi: 10.1063/5.0045310
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realizable repetition rates of laser pulse trains.”'"***’ Note that the
spatiotemporal spectrum for a pulsed guided mode is approximately
separable with respect to k. and w, and realizing a guided periodic
pulse train entails discretization along only w [Fig. 1(d)].

C. The combined spatiotemporal Talbot effect

After considering the spatial and temporal Talbot effects sepa-
rately, we inquire whether they can be observed simultaneously in
an optical field having the form of a spatiotemporal lattice (peri-
odic in time and space). If such a field propagates freely in a dis-
persive medium, can the lattice undergo axial revivals so that the
initially periodic spatiotemporal structure reemerges spontaneously
after both diffraction and dispersion?

Starting with the field of a paraxial pulsed beam traveling
in a dispersive medium E(x, z; ) = /"™~ y(x, z; 1), whose spa-
tial and temporal degrees of freedom are separable, the envelope
y(x,z;t) can be separated approximately into a product y(x,z;t)
~ v (x,2)y,(t,2), where v _(x,2) and y,(t,2) are given by Egs. (1)
and (2), respectively—provided that the spectrum is sufficiently nar-
row to avoid space-time coupling (see the supplementary material).
The spatial envelope v, (x,z) undergoes diffractive spatial spread-
ing, while the temporal envelope v, (t, z) experiences dispersive tem-
poral spreading. Imposing on the field a periodic transverse spatial
profile (period L) and a periodic temporal profile (period T') entails
sampling its spatiotemporal spectrum along k, and w at multiples of
2t and 2, respectively [Fig. 1(¢)], thereby combining the discretized
spatial and temporal spectra from Figs. 1(b) and 1(d), respectively. If
zrx = z1; (Or z7x = 21¢/N, N is an integer), then coinciding spatial
and temporal Talbot effects are manifested in the reemergence of the
initial spatiotemporal profile at the common Talbot planes.

To date, simultaneous revivals in space and time have not been
observed using any physical wave. In the case of optical waves, the
prospect for realizing such an effect is marred by the fundamen-
tal incommensurability of the spatial and temporal Talbot effects
(zr > z1x), which arises from the fundamental mismatch between
the diffraction and dispersion length scales. Equalizing z1, and zr
for a freely propagating field in a bulk dispersive medium runs
afoul of the constraints outlined above. Furthermore, a difference
between zr, and zr, of even a few percent can obscure the targeted
effect (see Fig. S1 of the supplementary material), which has thus far
precluded observing combined spatial and temporal optical Talbot
effects.

. THE SPACE-TIME TALBOT EFFECT

In light of these challenges, realizing the optical Talbot effect in
space and time requires an altogether different strategy. We proceed
to show that adopting a particular class of optical fields—for which
we coin the name “V-waves”—whose spatiotemporal spectra are not
separable with respect to k, and w, helps circumvent the fundamen-
tal incommensurability of the diffraction and dispersion lengths. By
virtue of the angular dispersion introduced into their structure, V-
waves have two unique characteristics in free space when contrasted
with conventional optical wave packets: first, V-waves can experi-
ence extremely large GVD in the absence of a dispersive medium,
and, second, the diffraction and dispersion lengths are identical.
Once the spatiotemporal spectrum of a V-wave is discretized along
kx and w [Fig. 1(f)], so that the optical field is initially periodic in
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x and ¢, then these unique characteristics combine to enable the
realization of a “space-time” (ST) Talbot effect over small distances
in free space. Rather than independent spatial and temporal Talbot
lengths, the lattice evolution is characterized by a single Talbot length
scale in both space and time.

To bring out the unique structure of V-waves, we start by not-
ing that the angular spectrum of any optical field [Egs. (1) and (2)]
contains a phase factor ¢’** responsible for the axial dynamics. For a
pulsed paraxial beam [Eq. (1)] in free space,
Q K

ky ~ ko + —

_ , 3
¢ 2k ®)

where the last term is responsible for diffractive spreading. If instead
we consider a plane wave pulse in a dispersive medium [Eq. (2)],
then

Q 1
ke v nko + — + —kaQ, (4)
vo2
where the last term is responsible for dispersive pulse spreading.

Is it possible to sculpt the spatiotemporal spectrum of an opti-
cal field in free space so that the expansion of k; takes on both forms

V-wave

@ 200
g
5 -
g \E; (- [
Z“ x
5
20 - D SN YA RIRTRTATAIAIARIAY VAY
-40 0 40 -40 0 40 -40
7 (ps) 7 (ps)

given in Egs. (3) and (4) simultaneously? In other words, we aim
to identify an optical field structure in which k; has a “Janus” form:
when expressed in terms of ky, it takes the form in Eq. (diffrac-
tion), but when expressed in terms of (), it takes the form in Eq.
(dispersion). Such a feature requires that Q and k, be proportional
to each other,

Q = Q(kx) = aclky, (5)

which involves introducing angular dispersion into the field struc-
ture (see the ). The dimensionless propor-
tionality constant « is

1
T ok

which combines the parameters governing diffraction (A,) and dis-
persion (k;), and the GVD here is anomalous (k, is negative-
valued).'® In other words, the spatiotemporal spectrum of the
sought-after field must be endowed with a precise structure in which
each spatial frequency =k, is associated with a single temporal
frequency w corresponding to the V-shaped spectrum in Eq. (5),
which we thus call a “V-wave” [ ]. Because the axial wave

(6)

ST Talbot effect

0 40 -40 0
7 (ps) T (ps) 7 (ps)

FIG. 2. Concept of the ST Talbot effect. (a) Representation of the spectral support domain of a V-wave on the surface of the light-cone and its spectral projections onto the
(kx, f) and (kz, %) planes. (b) The ST Talbot effect is realized by discretizing the spatiotemporal spectrum of the V-wave in (a). (c) Spatiotemporal profiles /(x, z; T) of
a V-wave propagating in free space in a reference frame moving at ¢ and experiencing GVD. The profiles are calculated at axial planes z = 0, 5, 12.5, 15, 25 mm using
the parameters « = 0.033 and A, = 800 nm, and the temporal bandwidth is AA ~ 2 nm. Experiments confirm these predictions, as shown in Fig. S6 of the

. (d) Spatiotemporal intensity profiles /(x, z; T) corresponding to the spatiotemporal spectrum shown in (b) and demonstrating the ST Talbot effect. The profiles
make use of the same parameters from (c) and are calculated at z = 0, 5, 12.5, 15, and 25 mm, corresponding to 0, 0.2zst, 0.5zgt, 0.6Zs7, and zs7. The spatial spectrum
is sampled along ky at multiples of ZT” with L = 100 um, resulting in T = 10 ps and zgy = 25 mm. Despite the dramatic differences between the evolution of the field in (c)
and (d), their spatiotemporal spectra are identical except for the discretization of the latter. The white dotted lines are guides for the eye and highlight the half-period shift in
space and time at the mid-Talbot plane (z = 0.5zgt) with respect to the full-Talbot planes (z = 0 and z = zs7).
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number k; of a V-wave can be expanded either in the form in
Eq. (3) or that in Eq. (4), the diffraction and dispersion lengths are
intrinsically one and the same. A freely propagating V-wave in free
space (n = 1) therefore undergoes diffractive spreading in space and
dispersive spreading in time, with both phenomena proceeding in
lockstep [see Fig. 2(c) and Movies 1 and 2 of the supplementary
material]. Furthermore, combining the constraint in Eq. (5) with the
free space dispersion relationship k2 + k = (%)2, the group veloc-
ity ¥ of the V-wave is + = % a0 = 1, which guarantees that the
second terms in Egs. (3) and (4) are also equal. Crucially for our
purposes here, the magnitude of the GVD parameter |k;| = az;—zkn
can be tuned to extremely high values unavailable in known opti-
cal materials. For example, a readily realizable value of « = 0.025
at Ao ~ 1 pm produces |ky| ~ 10°x that of silica, thus dramatically
reducing the dispersion length even when utilizing narrow spectral
linewidths.

Imposing a periodic spatial structure of period L at z=0 on
a V-wave implies discretization of its spatial spectrum along k at
multiples of le In conventional pulsed fields with separable spa-
tiotemporal spectra [Figs. 1(a)-1(e)], discretization of kx does not
affect the temporal profile. In contrast, because w is linearly related
to kx ina V-wave [Eq. (5)], discretizing along k results in a concomi-
tant discretization along w at multiples of 27", w=w, + 27"|m\ [see
Figs. 1(f) and 2(b)], with the spatial period L and temporal period T
related through

L=acT (7)

so that the discretized angular spectrum then takes the form

I[I(X, z t) _ Z’i///m einrmx/L e*i2n|m\(tfz/c)/T ei2ﬂmZZ/ZST. (8)

That is, periodic modulation of the transverse spatial profile of
a V-wave simultaneously imprints a periodic pulse-train struc-
ture in the time domain, and « determines the proportionality
between the spatial and temporal lattice periods. The last phase term
exp{i2nm?®z/zsr} applies to diffractive spreading in space and dis-
persive spreading in time, both of which are now dictated by a single
ST Talbot length scale,

y— )

ZsT = .
ST ﬂ‘kz‘

T A

As the spatiotemporal lattice propagates freely, its structure first
degrades under the influence of diffraction and dispersion [see
Fig. 2(d) and Movies 3 and 4 of the supplementary material], the
lattice nodes spread out, and the periodic structure is obscured and
becomes unrecognizable. Nevertheless, axial spatiotemporal revivals
v(x lzsts t) = y(x, 05t — £21) subsequently appear, as shown in
Fig. 2(d), where £ is integer. The impact of the Janus form of k, for
a V-wave is now clear in the exact matching of the Talbot lengths in
space and time. It is crucial to recognize that the ST Talbot effect is
not the result of arranging for independent spatial and temporal Tal-
bot effects to coincide. Instead, dispersion and diffraction proceed
here in lockstep without external adjustments. Diffractive spatial
spreading and dispersive temporal spreading are intrinsically syn-
chronized, and a single Talbot length zst emerges. It is thus apt to
call this phenomenon the ST Talbot effect.

APL Photon. 6, 056105 (2021); doi: 10.1063/5.0045310
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Finally, the time-averaged intensity I(x,z) = f dtl(x,z; 1),
where I(x,2t) = |w(x, 2 )|, as recorded by a detector lacking tem-
poral resolution is (see the supplementary material)

10,2) = Sl + DTl cos(41m7 + g = pon). (10

where ¥ = [¥m|e”" is the discretized spectral field amplitude at
ky = mZT”. An unexpected effect emerges here: although the trans-
verse spatial period of the spatiotemporal field lattice I(x,z;¢) is
L because ky = mzfﬂ, Eq. (10) indicates that the transverse spatial
period of the time-averaged intensity I(x,z) is L/2 rather than L.
Furthermore, despite the dramatic dynamical evolution of the lattice
structure in I(x, z; t) with free propagation [Fig. 2(d)], this evolution
is concealed in I(x,z), which surprisingly lacks any axial dynam-
ics, as is clear from the absence of terms containing z in Eq. (10).
This is another manifestation of the “veiled” Talbot effect (reported
recently'” in the spatial domain). A tight association of any kind
between ky and w masks temporal dynamics from having observ-
able consequences in the time-averaged intensity and also results in
the halving of the time-averaged spatial period."” Because V-waves
satisfy these necessary requirements [Eq. (5)], the ST Talbot effect is
also veiled after time-averaging.

IV. EXPERIMENTAL RESULTS

To experimentally validate this predicted ST Talbot effect,
we prepare V-waves using the spatiotemporal wave-packet-shaping
methodology developed in Refs. 30-34. Starting with ultrafast plane
wave pulses, this pulse-shaper is designed to assign a spatial fre-
quency ky to each wavelength A in the pulse spectrum according to
the constraint in Eq. (5). In this configuration, utilizing a continu-
ous spectrum yields a V-wave [Figs. 2(a) and 2(c)], while discretizing
the spectrum helps realize the ST Talbot effect [Figs. 2(b) and 2(d)].
We make use of femtosecond pulses from a mode-locked Ti:sapphire
laser and sculpt the spatiotemporal spectrum via a spatial light mod-
ulator (SLM) over a temporal bandwidth AA ~ 2 nm. The spatiotem-
poral spectrum projected onto the (kx,1)-plane is acquired by a
double Fourier transform in space and time, the time-averaged
intensity I(x,z) is obtained by scanning a CCD camera along the
propagation axis z, and the spatiotemporal profiles I(x,z;7) are
measured at selected axial planes z via interferometry with narrow
reference pulses (see the supplementary material).

We first synthesize a continuous-spectrum V-wave with «
=0.033 corresponding to a GVD parameter of |kz| =13
x 10° fs’/mm. The measurement results (see Fig. S6 of the
supplementary material) are in excellent agreement with the theo-
retical predictions plotted in Fig. 2(c). We next introduce a periodic
spatiotemporal lattice structure into the V-wave by discretizing the
spatial spectrum at multiples of ZL—” with L = 100 ym. By virtue of
the linear relationship between k, and Q [Eq. (5)], discretizing kx
naturally leads to a discretization of Q at multiples of 27” [where L
and T are related through Eq. (7)], as confirmed experimentally
in Fig. 3(a). The temporal period is T ~ 10 ps, corresponding to
a pulse train of repetition rate ~ 100 GHz and a ST Talbot length
zst ~ 25 mm. The time-averaged intensity I(x, z) in Fig. 3(b) shows
a diffraction-free axial evolution independent of z and with a
transverse period L/2 = 50 ym, as expected from Eq. (10).
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FIG. 3. Observation of the ST Talbot effect. (a) Measured spatiotemporal spectrum with « = 0.033, A, = 800 nm, and AA = 2 nm, discretized at multiples of 7 ith
L =100 um, resulting in T = 10 ps and zgr = 25 mm. (b) The measured time-averaged intensity /(x, z). The transverse period is L/2 = 50 um rather than L = 100 um.
Note the disparate length scales for x and z. [(c)—(h)] Measured spatiotemporal intensity profiles /(x, z; 7) at z = 12.5, 14, 19, 25, 27, and 37.5 mm, corresponding to 0.5zsr,
0.6zg7, 0.752s7, Z57, 1.1257, @nd 1.5zg7, respectively. The profiles are acquired in a reference frame moving at c. At each axial plane z, we plot the spatially averaged
temporal profile /(7), I(x = 0; 7), and /(x, T = 0). The white dotted lines are guides for the eye and highlight the half-period shift in space and time at the full-Talbot plane
(z = zg7) with respect to the mid-Talbot planes (z = 0.5zt and z = 1.5zs7). The corresponding theoretical predictions are provided in Fig. S3 of the supplementary material.

Measurements of the spatiotemporal intensity profile I(x, z; )
reveal an altogether different picture featuring complex propagation
dynamics that is concealed in the time-averaged data. The profiles
are acquired in a frame of reference propagating at ¢, and we plot
I(x,z;7) in Figs. 3(c)-3(h) at selected axial planes extending over
a full ST Talbot length zsr. In general, the revivals at the full- or
mid-Talbot planes witness the reemergence of the temporal period
T and the transverse spatial period L. Clearly, the lattice profile at
0.5zst is revived at 1.5zst. Furthermore, the lattice profile at zsr is
another revival, except that the spatial profile is shifted along x by
L/2 and along 7 by T/2, such that the peaks in Fig. 3(f) correspond
to minima in Figs. 3(c) and 3 (and vice versa). In the intermedi-
ate planes [Figs. ﬁ(d) (e), and g)], the distinct periodic features of
the spatiotemporal lattlce structure are lost, and the lattice disinte-
grates into an unrecognizable pattern after diffractive and dispersive
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spreading of the lattice nodes. Measured spatiotemporal intensity
profiles acquired in other axial planes are assembled, as shown in
Movie 5 of the supplementary material, with the corresponding cal-
culated profiles I(x,z;7) provided in Fig. S3 of the supplementary
material. Excellent agreement between the measurements and cal-
culations even in the fine-structure of the profiles is brought out
by comparing the spatiotemporal profiles in closely separated planes
(see Fig. S7 of the supplementary material).

At the full- or mid-Talbot planes, any temporal slice at a fixed
transverse position, i.e., I(x = 0,z; 7), reveals a periodic pulse train
of period T ~ 10 ps, and any spatial slice at a fixed delay, i.e.,
I(x,z;7 = 0), reveals a spatial periodic profile of period L ~ 100 ym.
The temporal structure is of course concealed in the time-averaged
intensity I(x,z), as shown in Fig. 3(b), but I(x,z) remains peri-
odic along x (albeit with period L/2 rather than L). The spatial
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structure is in turn concealed in the space-averaged intensity
I(1,z) = [ dxI(x,z; 7). However, no temporal structure is found in
I(7,z) atany z [Figs. 3(c)-3(h)]. This contrasting behavior between
I(x,z) and I(7,2) is a consequence of the two-to-one relationship
between +k, and w.

Further experimental explorations of the ST Talbot effect are
shown in Fig. 4. We highlight here the surprising feature of V-
waves whereupon varying a spatial or temporal parameter does not
impact the exact balance between diffraction and dispersion lengths.
First, we vary a while holding the spatial period L fixed so that
zst ~ 25 mm remains invariant. Changing the opening angle of the

(@) ky (rad/um) (b)

0-0 0 10-10 0 10-10 0 10
T (ps) 7 (ps) 7 (ps) 7 (ps)

FIG. 4. Varying the spatial and temporal periods of the ST Talbot effect. [(a)-(c)]
The field parameters are « = 0.048, A, = 800 nm, AA = 2 nm, and Ly = 100 ym,
resulting in Ty =7 ps and zst = 25 mm. (a) Measured spatiotemporal spec-
trum, (b) time-averaged intensity /(x, z), and (c) spatiotemporal intensity profiles
I(x,z;7) at z=12.5, 25, 28, and 32.5mm, corresponding to z = 0.5zgr, ZsT,
1.1zs7, and 1.5zg7. [(d)~(f)] The field parameters are a = 0.067, A, = 800 nm,
AA =2 nm, and L, = 200 um, corresponding to T, = 10 ps and zgr = 100 mm.
(d) Measured spatiotemporal spectrum, (e) time-averaged intensity /(x,z), and
(f) spatiotemporal intensity profiles /(x, z; 7) at z = 15, 25, 40, and 50 mm, cor-
responding to z = 0.15zg7, 0.25zs7, 0.4Z57, and 0.5zs7. The intensity profiles in
(c) and (f) are all acquired in a reference frame moving at c. The corresponding
theoretical predictions are provided in Fig. S4 of the supplementary material.
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V-shaped spectrum results in a new discretization period along w
and hence to a new temporal period T ~ 7 ps [Fig. 4(a)]. However,
1

the change in a also modifies |k,| such that Tl

remains equal to

% and a single length scale still governs self-imaging in space and
time. Although the time-averaged intensity I(x,z) in Fig. 4(b) is
identical to that in Fig. 3(b), the underlying spatiotemporal evo-
lution nevertheless reveals different lattice structure and dynamics
[Fig. 4(c)].

We next increase the sampling rate along k, [Fig. 4(d)] to pro-
duce a larger spatial period L = 200 ym and thus an increased ST
Talbot length zst = 100 mm. By changing &, we can retain the tem-
poral period T = 10 ps used in Fig. 3 while maintaining %kzz‘ = ZAL:
The measured transverse spatial period in the time-averaged inten-
sity I(x,z) is L/2 = 100 ym [Fig. 4(e)] rather than L =200 pm, as
revealed in the spatiotemporal intensity profiles I(x, z; ) at the full-
or mid-Talbot planes [Fig. 4(f)]. Whereas the field in the intermedi-
ate planes lacks any recognizable structure, the spatiotemporal lat-
tice structure is revived at the quarter-Talbot planes z = 0.25zst, but
at half the spatial and temporal periods, L/2 and T/2, respectively.
The measurements shown in Fig. 4 are in excellent agreement with
the corresponding calculated profiles in Fig. S4 of the supplementary
material.

V. DISCUSSION

The specific spatial-temporal coupling engendered by V-waves
introduces novel qualitative and quantitative aspects into the propa-
gation of optical fields. First, qualitatively, diffraction and dispersion
are no longer physically independent phenomena. Rather, they are
intertwined as a result of the Janus form of the propagation phase-
factor €%, Second, quantitatively, V-waves can produce extremely
large values of GVD, rivaling or exceeding that of a Martinez com-
pressor.”” This dramatically reduces the dispersion length, leading to
the first observation of an optical temporal Talbot effect in a freely
propagating field unhampered by traditional restrictions imposed by
material GVD. Uniquely, the diffraction and dispersion lengths are
guaranteed to be identical for V-waves. The juxtaposition of these
unique characteristics allows for the ST Talbot effect to be observed
once the spectrum is discretized to impress a periodic spatiotempo-
ral lattice structure upon the field. Indeed, the unambiguous obser-
vation of the ST Talbot effect is an independent confirmation of
the exact matching of the diffraction and dispersion lengths, since
even a few percent difference between them can diminish the pre-
dicted effect. Excitingly, taking our results here as a starting point,
sculpting the spatiotemporal spectrum may lead to new optical field
configurations in which the diffraction and dispersion lengths take
on arbitrary values. Such a feature opens up prospects for studies of
spatiotemporal solitons in nonlinear media by combining diffractive
and dispersive effects at matching length scales.

Synthesizing optical fields such as V-waves endowed with
precise spatiotemporal structure that restricts the spectrum to a
reduced-dimensionality subspace has precedents. We have dubbed
all pulsed fields in which each spatial frequency is associated with a
single temporal frequency generically as ST wave packets.”**” How-
ever, the emphasis to date has been on achieving propagation invari-
ance,’®?’ which necessitates a linear relationship between k; and w
(rather than between ky and w). The spectral support domain of
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such ST wave packets on the surface of the light-cone k2 + k2 = (%)2
lies at its intersection with a tilted plane that is parallel to the k-
axis. The spectral projection onto the (k;, ¢ )-plane is a straight
line, while that onto the (ky, ¢)-plane is a conic section (see Fig.
S2 of the supplementary material). In such fields, the linear corre-
lation between k, and w introduces angular dispersion that com-
bats diffractive spreading. Instances of such wave packets extend
back to focus-wave modes™ and X-waves,'"*> among other exam-
ples.”®*” Dispersion is absent from all such ST wave packets, which
thus propagate rigidly in free space,”’** transparent dielectrics,”""’
planar waveguides,"* or as surface waves at planar interfaces.”
However, this absence of GVD precludes such wave packets from
exhibiting the ST Talbot effect. To the best of our knowledge, the
V-waves examined here are the only example of an optical field
with intrinsically equal diffraction and dispersion lengths identi-
fied to date, thus the unique platform for realizing the ST Talbot
effect.

Finally, our theoretical results and measurements made use of
optical waves. However, the same basic considerations apply to other
physical waves, where it is a universal feature that the decoupled
diffraction and dispersion length scales are incommensurate. The
spatial Talbot effect has been realized in a variety of physical con-
texts besides optics, including acoustics,’**” atom matter waves,"*
rogue waves,”’ water waves,’” and elastic solid waves”! (also has been
proposed for Bose-Einstein condensates’*), whereas the temporal
Talbot effect has been observed thus far in Bose-Einstein conden-
sates.” A combined spatiotemporal Talbot effect has not been real-
ized thus far in any physical wave. It is therefore an exciting prospect
to explore approaches to the synthesis of V-waves in acoustics and
matter-waves, which may then pave the way to observing the ST
Talbot effect using such waves.

SUPPLEMENTARY MATERIAL

See the supplementary material for a more detailed analysis,
optical configuration, and comparison to simulation.
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