
APL Photonics 5, 106107 (2020); https://doi.org/10.1063/5.0016412 5, 106107

© 2020 Author(s).

Programmable omni-resonance using
space–time fields
Cite as: APL Photonics 5, 106107 (2020); https://doi.org/10.1063/5.0016412
Submitted: 02 July 2020 . Accepted: 21 September 2020 . Published Online: 12 October 2020

Abbas Shiri,  Kenneth L. Schepler, and  Ayman F. Abouraddy

ARTICLES YOU MAY BE INTERESTED IN

Tubular optical microcavities based on rolled-up photonic crystals
APL Photonics 5, 106106 (2020); https://doi.org/10.1063/5.0022862

Reciprocity-induced symmetry in the round-trip transmission through complex systems
APL Photonics 5, 106104 (2020); https://doi.org/10.1063/5.0021285

Nanophotonic source of quadrature squeezing via self-phase modulation
APL Photonics 5, 101303 (2020); https://doi.org/10.1063/5.0024341

https://images.scitation.org/redirect.spark?MID=176720&plid=1346032&setID=418012&channelID=0&CID=472088&banID=520254136&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=37407867330f440b118683f3b7352bce7169d9f1&location=
https://doi.org/10.1063/5.0016412
https://doi.org/10.1063/5.0016412
https://aip.scitation.org/author/Shiri%2C+Abbas
http://orcid.org/0000-0001-9658-2305
https://aip.scitation.org/author/Schepler%2C+Kenneth+L
http://orcid.org/0000-0002-4987-5495
https://aip.scitation.org/author/Abouraddy%2C+Ayman+F
https://doi.org/10.1063/5.0016412
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0016412
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0016412&domain=aip.scitation.org&date_stamp=2020-10-12
https://aip.scitation.org/doi/10.1063/5.0022862
https://doi.org/10.1063/5.0022862
https://aip.scitation.org/doi/10.1063/5.0021285
https://doi.org/10.1063/5.0021285
https://aip.scitation.org/doi/10.1063/5.0024341
https://doi.org/10.1063/5.0024341


APL Photonics ARTICLE scitation.org/journal/app

Programmable omni-resonance using
space–time fields

Cite as: APL Photon. 5, 106107 (2020); doi: 10.1063/5.0016412
Submitted: 2 July 2020 • Accepted: 21 September 2020 •
Published Online: 12 October 2020

Abbas Shiri,1,2 Kenneth L. Schepler,1 and Ayman F. Abouraddy1,2,a)

AFFILIATIONS
1CREOL, The College of Optics and Photonics, University of Central Florida, Orlando, Florida 32816, USA
2Department of Electrical and Computer Engineering, University of Central Florida, Orlando, Florida 32816, USA

a)Author to whom correspondence should be addressed: raddy@creol.ucf.edu

ABSTRACT
Omni-resonant wave packets are pulsed optical beams that couple to planar cavities even when the wave packet bandwidth far exceeds the
cavity resonant linewidth by virtue of a precise spatiotemporal structure introduced into the optical field. We demonstrate experimentally
the synthesis of programmable omni-resonant wave packets in which a prescribed pulse spectrum is made to resonate with a planar cavity.
Examples include controllable-bandwidth resonant spectral lines, spectral holes with tunable notch bandwidth, and even arbitrary resonant
spectra. These novel resonant interactions are realized with no changes made to the cavity itself, and therefore, without compromising its
quality factor—only sculpting the spatiotemporal spectrum of the incident field is required. Programmable omni-resonance allows harnessing
resonant field enhancements over arbitrary spectral profiles without restriction to traditionally narrow resonant linewidths.

© 2020 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/10.1063/5.0016412., s

I. INTRODUCTION

Optical resonators, an indispensable component in the pho-
tonics purview,1 are essential for the construction of lasers, gyro-
scopes, and establishing classical and quantum light–matter inter-
faces,2 among a plethora of other applications. Associated with opti-
cal resonances is a field enhancement that typically occurs only over
narrow spectral linewidths at discrete resonant wavelengths. As the
quality factor of the resonator increases, field build-up is boosted,
thereby leading to the enhancement of optical effects (such as res-
onant absorption3–7 and nonlinear optical effects8–12). Inevitably,
however, the linewidth over which this boosted enhancement is har-
nessed concomitantly decreases. Fundamentally, this inverse rela-
tionship is due to the link between the cavity-photon lifetime and
the resonant linewidth.1 In an attempt to overcome this restriction,
previous efforts have aimed at constructing “white-light” cavities in
which the resonant linewidth is increased without sacrificing the
cavity quality factor.13 This has been realized by introducing anoma-
lous dispersion into the cavity, e.g., inserting an atomic gas14,15

or exploiting nonlinear resonances.16 It is now well-established
that incorporating linear passive optical components into a cavity
(such as gratings17 or chirped Bragg reflectors18) cannot satisfy the

conditions for a white-light cavity and that only the addition of
an active medium into the cavity provides the requisite anomalous
dispersion.

A recently emerging alternative strategy to enhance the reso-
nant linewidth of a planar cavity without modifying the cavity or
compromising its quality factor is to sculpt the spatiotemporal struc-
ture of the incident field, which we have termed “omni-resonance.”
A planar Fabry–Pérot (FP) cavity can be viewed as a device that
presents a particular form of angular dispersion,19 in which each
resonance corresponds to a curved trajectory in the angular–spectral
domain. Such a device-induced spatiotemporal coupling can be neu-
tralized by judiciously introducing opposing angular dispersion into
the incident field, thereby transforming the pulsed field into a so-
called “space–time” (ST) wave packet.20–24 By associating each wave-
length with a single spatial frequency,25 these ST wave packets then
become omni-resonant: they can couple fully to a single resonance
even if the bandwidth of the ST wave packet is substantially wider
than the resonant linewidth.26 The wave packet can then traverse
the cavity without a change in the spectrum or spatial profile after
resonating with the cavity over a broad continuous spectrum.27,28

Here, we show that the spatiotemporal spectral correlations
imparted to an optical field using a spatial light modulator can
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be exploited to program the omni-resonance. Wavelengths can be
selectively eliminated from the resonant spectrum by associating
them with spatial frequencies that do not provide the requisite
angular dispersion to resonate with the cavity. Examples of pro-
grammable omni-resonant ST wave packets we synthesize include
resonances with controllable bandwidth (narrower or wider than
the cavity native resonant linewidth), spectral holes of controllable
bandwidth notched into a broad omni-resonant spectrum, and arbi-
trary spectral profiles induced to resonate with the cavity. By sev-
ering the fundamental link between the cavity-photon lifetime and
the resonant bandwidth,1 these results suggest a host of potential
applications that harness resonant field enhancements in linear and
nonlinear photonic devices for sensing, filtering, and lasing.

II. PROGRAMMABLE OMNI-RESONANCE
A. Basic concept

The concept of programmable omni-resonance is illustrated in
Fig. 1. Consider a broadband collimated coherent field (an ultrashort

pulse in the time domain) normally incident on a planar symmetric
FP cavity comprising two symmetric mirrors separated by a layer of
index n and thickness d. Only narrow linewidths centered at the res-
onant free-space wavelengths λm(0) = 2nd/m are transmitted, where
integer m is the resonance order [Fig. 1(a)]. At oblique incidence,
at an external angle ϕ (with respect to the normal to the cavity), the
resonances λm(ϕ) are blue-shifted,

λm(ϕ) = λm(0)
√

1 −
1
n2 sin2 ϕ < λm(0). (1)

This equation represents the spatiotemporal dispersion relationship
of the mth cavity resonance, corresponding to the (kx, λ)-space
dotted curves in Fig. 1 (bottom panels).

If this pulsed field is focused into the FP cavity with a cylindri-
cal lens, each incident wavelength becomes associated with a broad
range of external incident angles ϕ [Fig. 1(b)]. The transmitted field
corresponds to the intersection of the incident field’s spatiotemporal
spectrum (which is separable with respect to wavelength λ and angle

FIG. 1. Concept of programmable omni-resonance. (a) A collimated broadband optical field is incident on a planar FP cavity. The input spatiotemporal spectrum Ẽ(kx , λ)
= Ẽ(λ)δ(kx) is separable with respect to the spatial and temporal degrees of freedom. The dotted curve in the bottom panel is the spatiotemporal spectrum [the collection
of plane waves described by (kx , λ) pairs] for a single resonance of the FP cavity; the solid region is the spatiotemporal spectrum of the input field Ẽ(kx , λ). The output is
the usual spectrally narrow linewidth centered at a resonant wavelength. (b) A focused broadband beam allows for a fraction of the power at each wavelength to traverse the
cavity. The input spatiotemporal spectrum is still approximately separable. The output spectrum retains the input profile but with a strongly reduced amplitude because each
wavelength is resonant at only one angle of incidence and is rejected at all other angles. (c) An omni-resonant ST wave packet traverses the FP cavity without a change in its
bandwidth (even when much wider than the resonant linewidth) by virtue of its spatiotemporal spectrum—no longer separable with respect to kx and ω—matching that of the
cavity resonance. (d) By tailoring the spatiotemporal spectrum of the input field, programmable omni-resonance is achieved. Selectively displacing wavelengths at the input
from the spatiotemporal spectrum associated with omni-resonance enables sculpting the transmitted optical spectrum independently of the resonant linewidth.
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of incidence ϕ) with the resonant dispersion relationship in Eq. (1).
Consequently, only a small fraction of the power emerges from the
cavity across the whole spectrum [Fig. 1(b)], with each wavelength
emerging at a distinct angle. As such, faint colored bands appear in
the collimated output field.1

Omni-resonance26–28 refers to the field configuration where-
upon each wavelength λ in the pulse is arranged to be incident on the
cavity at a different angle ϕ(λ) [Fig. 1(c)]. It is convenient to consider
the spatial frequency kx(λ)= 2π

λ sinϕ(λ), the transverse component
of the wave vector along the transverse coordinate x, in lieu of the
angle of incidence. By modifying the spatiotemporal spectrum of
the pulse to associate each wavelength with a specific spatial fre-
quency kx(λ) satisfying Eq. (1), the incident pulse is transformed into
an omni-resonant ST wave packet.23,25 Matching the spatiotempo-
ral spectrum of the omni-resonant ST wave packet to the resonance
spatiotemporal dispersion curve allows a continuous spectrum to
couple to the mth resonance28 when all wavelengths simultaneously
satisfy the condition

sinϕ(λ) = n
√

1 − (λ/λm(0))2. (2)

If λ deviates from the resonant wavelength λm(0) by Δ ≪ λm(0),
where λ = λm(0) − Δ, then sinϕ(λ) ≈ n

√

2Δ/λm(0). Because each
incident wavelength across the entire continuous omni-resonant
spectrum is fully coupled to the cavity resonance,26,28 the output
spectrum matches that of the input without reduction in amplitude
[Fig. 1(c)].

Programmable omni-resonance refers to the possibility of
sculpting the resonating spectrum in the cavity through tailoring
the spatiotemporal spectrum of the incident field—independently
of the resonant linewidth [Fig. 1(d)]. Displacing undesired wave-
lengths from the spatiotemporal omni-resonant spectral loci pre-
vents these wavelengths from coupling into the cavity, and they,
instead, reflect back from it. The rest of the spectrum—which can
take on an arbitrary profile—couples to the target cavity resonance,
thereby realizing a programmable omni-resonant ST wave packet
[Fig. 1(d)]. As such, the same cavity can be exploited in a variety
of resonant configurations without compromising its quality factor,
indeed without modifying the cavity itself in any way. We proceed
to synthesize programmable omni-resonant ST wave packets exper-
imentally and demonstrate a variety of unique resonant spectral
realizations.

III. EXPERIMENT
The cavity used in our demonstrations of programmable

omni-resonance comprises a 10-μm-thick silica spacer sandwiched
between two Bragg mirrors consisting of eight bilayers of SiO2 (138-
nm-thick, refractive index n = 1.46 at a wavelength of 800 nm)
and TiO2 (88-nm-thick, n = 2.28 at 800 nm), deposited on a
glass substrate. The cavity-free spectral range is ≈22 nm, as mea-
sured by using a broadband white-light source (Thorlabs QTH10,
Quartz Tungsten-Halogen Lamp) and collecting the transmitted
light with a multimode fiber (300-μm-diameter, 0.39 NA; Thor-
labs M69L02) connected to a spectrometer (Jaz, Ocean Optics). The
cavity linewidth is ≈0.15 nm, as measured using a mode-locked
femtosecond Ti:sapphire laser and collecting the transmitted light

with a single-mode fiber (Thorlabs P1780A-FC) and high-resolution
optical spectrum analyzer (OSA; ANDO AQ6317B).

Synthesis of the ST wave packets [Fig. 2(a)] starts with 100-fs
pulses from a Ti:sapphire laser centered on a wavelength of ≈800 nm
that are directed to a diffraction grating (Newport 10HG1200-800-1,
1200 lines/mm, area 25 × 25 mm2) to spread the spectrum in space
before a cylindrical lens (focal length f = 500 mm) collimates the
spectrum and directs it to a spatial light modulator (SLM; Hama-
matsu X10468-02). The SLM assigns to each wavelength a linear
phase variation along x corresponding to a prescribed spatial fre-
quency kx. The modulated wave front is retro-reflected back to the
grating that reconstitutes the pulse and produces the ST wave packet.
The spectrum of the Ti:sapphire laser gets filtered by the physical size
of the SLM to a bandwidth of 1.5 nm (from 797.1 nm to 798.6 nm,
the longest wavelength in this range corresponds to a cavity reso-
nance at normal incidence). Two cylindrical lenses then introduce
a demagnification factor of ×10 before impinging on the FP cavity,

FIG. 2. (a) Schematic of the experimental arrangement. G: diffraction grating; L:
lens; BS: beam splitter; SLM: spatial light modulator; C: FP cavity; OSA: optical
spectrum analyzer; CCD: charged-coupled device camera. CCD1 captures the
time-averaged intensity of the ST wave packet when the reference arm is blocked
and otherwise records the interference of the ST wave packet with the reference
pulse. CCD2 captures the spatiotemporal spectrum of the ST wave packet. (b)
Measured spatiotemporal spectrum of a single resonance of the FP cavity used in
our experiments.
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which is placed on a rotation stage ≈3 cm from L4. The wave packet
transmitted through the cavity is then collected with a multi-mode
fiber (50-μm-diameter, 0.22-NA, Thorlabs M42L01) and delivered
to the OSA.

IV. REALIZING PROGRAMMABLE OMNI-RESONANCE
We start by measuring the angular dispersion of the FP cav-

ity [Fig. 2(b)]. When the SLM imparts a uniform phase distribution
to the spectrally resolved impinging field, all the wavelengths are
assigned to a fixed angle of incidence ϕ = 0 (kx = 0); see Figs. 3(a–i),
3(b–i), and 3(c–i). The measured transmitted spectrum [Fig. 3(d–
i)] matches the normal-incidence cavity resonance. When the SLM
imparts to all the incident wavelengths a linear phase distribution

(modulo 2π) corresponding to a particular spatial frequency kx,
oblique incidence is realized [Figs. 3(a–ii), 3(b–ii), and 3(c–ii)] with
a blue-shifted resonance [Fig. 3(d–ii)], as expected from Eq. (1).
By scanning through values of kx (or angle of incidence ϕ), we
can reconstruct the spatiotemporal dispersion curve of the selected
cavity resonance in (λ, kx) space [Fig. 2(b)].

An omni-resonant ST wave packet is synthesized by associ-
ating each wavelength λ at the SLM with the appropriate spatial
frequency kx(λ) that results in that wavelength resonating with the
cavity according to Eq. (2) [Fig. 3(a–iii)]. The requisite phase dis-
tribution imparted by SLM is shown in Fig. 3(b–iii), resulting in
the measured spatiotemporal spectrum of the ST wave packet in
Fig. 3(c–iii) that matches the spatiotemporal spectrum of the cav-
ity resonance [Fig. 2(b)]. Consequently, the spectrum transmitted

FIG. 3. Formulation of programmable omni-resonance. (a) A broad spectrum is incident on a planar FP cavity. The only wavelengths that can couple to the cavity are
those whose wave vector component normal to the cavity corresponds to a resonance. (b) The phase pattern implemented on the SLM in Fig. 2(a) to produce the desired
field configuration (for the sake of clarity, the plotted phase patterns here are ×2.5 larger than those implemented). (c) The measured spatiotemporal spectrum of the
synthesized wave packet incident on the FP cavity and associated with the SLM phase pattern in (b). (d) Measured output spectrum after the FP cavity. The columns depict
different configurations for the input field: (i) a collimated field; [(ii) and (iii)] obliquely incident fields at different angles; (iv) an omni-resonant field; and (v) a programmable
omni-resonant field.
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through the cavity is broad [Fig. 3(d–iii)] and matches the spectrum
of the ST wave packet incident on the cavity.

The realization of programmable omni-resonance requires
assigning a spatial frequency deviating from the omni-resonance
condition to the wavelengths that we wish to exclude from res-
onating with the cavity. The wavelengths to be eliminated are thus
incident on the cavity at angles incompatible with Eq. (2) [Fig. 3(a–
iv)]. The phase distribution implemented by the SLM has the pat-
tern characteristic of omni-resonant ST wave packets [Fig. 3(b–
iii)] but is modified by displacing the phase at the wavelengths
to be excluded [Fig. 3(b–iv)]. Consequently, the measured spa-
tiotemporal spectrum exhibits discontinuities corresponding to the
eliminated wavelengths [Fig. 3(c–iv)]. The cavity-transmitted spec-
trum of the ST wave packet matches the input spectrum except
at the designated wavelengths; the transmission for wavelengths
coupled to the cavity is ≈80%, while the rejected wavelengths are
not detectable. By sculpting the phase distribution imparted by

the SLM to the spectrally resolved wave front, one can ensure
that any prescribed spectrum be coupled to the selected cavity
resonance.

V. EXAMPLES OF PROGRAMMABLE
OMNI-RESONANCE

We present measurements for several examples of pro-
grammable omni-resonance. In each case, the cavity-transmitted
spectrum is coupled to a multimode fiber (50-μm-diameter, 0.22-
NA; Thorlabs M42L01) that delivers the signal to a high-resolution
OSA (ANDO AQ6317B).

A. Controlled resonance linewidth
As a first example of programmable omni-resonance, we

demonstrate controllable resonant linewidth for the cavity [Figs. 4(a)

FIG. 4. [(a) and (b)] Programmable omni-resonance producing a resonant line of controllable linewidth. (a) Measured spatiotemporal spectra of the programmable omni-
resonant field incident on the planar FP cavity with progressively wider bandwidth. The dotted curve is the theoretical spatiotemporal spectrum for an omni-resonant ST wave
packet extending across the full system bandwidth. (b) Measured spectrum of the ST wave packet transmitted through the cavity showing a controllable-bandwidth resonant
line from 0.1 nm to 1 nm. The dotted curve is the spectrum of the input field (without spatiotemporal modulation). [(c) and (d)] Same as [(a) and (b)] where programmable
omni-resonance produces a spectral hole of controllable notch bandwidth in an omni-resonant background.

APL Photon. 5, 106107 (2020); doi: 10.1063/5.0016412 5, 106107-5

© Author(s) 2020

https://scitation.org/journal/app


APL Photonics ARTICLE scitation.org/journal/app

and 4(b)]. By eliminating all wavelengths except for a band of vari-
able spectral width centered on a selected wavelength, one couples
a controllable bandwidth to the cavity resonance. In our experi-
ments, we confirm a resonant linewidth ranging from 0.1 nm to
1 nm. Note that one can realize a linewidth that is even narrower
than that of the bare cavity. The extent by which we can reduce
the linewidth is limited here by the spectral resolution of the wave
packet synthesis arrangement in Fig. 2(a).29 This arrangement can
help extend the benefits of resonant field build-up within the cav-
ity to large spectra unconstrained by the cavity linewidth; exam-
ples include exploiting broadband coherent perfect absorption in
optical detection30 or even in boosting the photocurrent in solar
cells.7

B. Controlled spectral-hole bandwidth
As a second example of programmable omni-resonance, we

demonstrate the complementary effect to that shown in the previ-
ous example: the entire spectrum of the incident wave packet res-
onates with the cavity except for a prescribed spectral hole [Figs. 4(b)
and 4(c)]. With respect to the transmitted spectrum, the cavity is
a notch filter of controllable rejection bandwidth. Here, the spa-
tiotemporal spectrum of the ST wave packet corresponds to the
omni-resonance condition in Eq. (2), except for the wavelengths
that are to be rejected. These designated wavelengths are assigned
to a spatial frequency that is rejected by the cavity. In Figs. 4(c) and
4(d), we produce rejected notch bandwidths ranging from 0.1 nm
to 1 nm, subject to the same limitations as those of the previ-
ous example. Such a configuration enables exploiting broadband
omni-resonant field enhancement of a weak field in the cavity while

FIG. 5. Experimental realization of programmable omni-resonant spectra hav-
ing arbitrary profiles. (a) Measured spatiotemporal spectra of the programmable
omni-resonant field incident on the planar FP cavity. Wavelength bands are selec-
tively excluded from the resonating spectrum. The dotted curve is the theoret-
ical spatiotemporal spectrum for an omni-resonant ST wave packet extending
across the full system bandwidth. (b) Measured spectra transmitted through the
cavity for two configurations producing arbitrarily selected output spectral pro-
files. The dotted curve is the spectrum of the input field (without spatiotemporal
modulation).

excluding an unwanted strong signal, which can be useful in optical
communications and optical filtering.

C. Arbitrary resonant spectral profiles
As a third example, we demonstrate arbitrary resonant spectral

profiles coupled to the cavity by eliminating specific wavelengths,
each associated with a selectable notch-rejection bandwidth. Alter-
natively, one can view the profile as the result of selecting arbi-
trary wavelengths to be transmitted, each associated with a tunable
resonant linewidth. Two examples of such spectra are provided in
Figs. 5(a) and 5(b). These two examples, along with those described
above, indicate the versatility of the programmable omni-resonance
strategy.

VI. SPATIOTEMPORAL CHARACTERIZATION OF
PROGRAMMABLE OMNI-RESONANT SPACE–TIME
WAVE PACKETS

In the examples presented above, we focused on the spectral
characteristics of the transmitted programmable omni-resonant ST
wave packets. Here, we shift our attention to their spatiotemporal
profile. To capture time-resolved profiles of these wave packets, we
make use of the interferometric configuration developed in Refs.
31 and 32 and depicted in Fig. 2(a). We place the spatiotempo-
ral synthesis arrangement in one arm of a two-path interferometer.
The original Ti:sapphire laser pulses (∼100-fs pulse width) are split
between the synthesis arrangement and a reference arm containing
an optical delay τ. When the two wave packets (the reference pulse
and the ST wave packet) overlap in space and time, spatially resolved
interference fringes are observed using a CCD camera (CCD1; Imag-
ingSource, DMK 27BUP031) and an objective lens (Olympus PLN
×20) [Fig. 2(a)]. By scanning the delay in 50-μm steps, we recon-
struct the spatiotemporal profile I(x, τ) of the ST wave packet trans-
mitted through the cavity (and thus resonating with it) from the vis-
ibility of the interference fringes. Blocking the reference arm, CCD1
captures the time-averaged intensity profile I(x, y) at a fixed axial
plane z.

With this interferometric configuration, we examine the impact
of programmable omni-resonance on the spatiotemporal profile of
the ST wave packet. In Fig. 6(b), we show an omni-resonant ST
wave packet whose resonant bandwidth is tuned by tailoring the
spatiotemporal spectrum, as shown in Fig. 6(a), using the approach
developed here. When the full bandwidth resonates with the cavity,
the spatial width of the time-averaged beam intensity is Δx ≈ 4.5 μm
[Fig. 6(c)]. This spatial width is inversely related to the spatial spec-
trum Δkx, Δx ∼ π/Δkx, where Δkx is also related to the bandwidth Δλ,
as shown in Fig. 6(a). Reducing the bandwidth Δλ, in turn, reduces
the spatial bandwidth Δkx, which consequently increases the spatial
width Δx [Fig. 6(c)].

The measured spatiotemporal profiles I(x, τ) of the ST wave
packets are plotted in Fig. 6(d). We first note the X-shaped profile
characteristic of ST wave packets, in general.29,33–36 When the full
spectrum resonates with the cavity (the omni-resonant configura-
tion), we observe the smallest pulse width of ∼1.5 ps in the temporal
profile at the beam center I(0, τ) along with the smallest transverse
spatial beam width. As we controllably reduce the resonant spec-
trum, the pulse width increases concomitantly with the spatial beam
width.
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FIG. 6. Spatiotemporal characterization of programmable omni-resonant ST wave packets. (a) Measured spatiotemporal spectrum of the programmable omni-resonant
ST wave packet. The dashed curve is the spatiotemporal dispersion relationship of the cavity resonance. By displacing the spatial frequency kx (λ) associated with any
wavelength away from this dispersion curve, this wavelength fails to resonate with the cavity. From left to right, we reduce the omni-resonance bandwidth. (b) The measured
cavity-transmitted spectrum compared to the spectrum of the ST wave packet incident on the cavity. (c) The measured transverse spatial profile I(x, y) of the ST wave
packet after the FP cavity. Because we have manipulated the spatial frequencies kx along x alone, the profile takes the form of a light sheet that is uniform along y. (d) The
spatiotemporal profile I(x, τ) of the ST wave packet measured after the cavity showing a characteristic X-shaped profile. The white curve along the horizontal axis in each
panel is the temporal profile at the beam center I(0, τ), while the white curve along the vertical axis is the spatial profile at the pulse center I(x, 0).

VII. CONCLUSION

Spatially structured light, as in the case of orbital angular
momentum (OAM)37,38 for instance, can impact the mechanical

interaction of light with matter39 and help increase optical commu-
nications rates.40 Temporal pulse shaping41,42 can help in high-speed
optical communications,43 optimizing nonlinear interactions,44,45

and controlling chemical reactions.46 Here, we have shown that
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structuring the optical field jointly in space and time enables new
classes of interaction with optical cavities that cannot be achieved
when either spatial or temporal shaping alone is employed. We
have demonstrated experimentally that introducing a precise struc-
ture into the spatiotemporal spectrum of a ST wave packet allows
a programmable spectral profile to resonate with a planar FP cav-
ity: controllable-width resonances and spectral holes and even com-
plex arbitrary resonant spectra. Programming the width of the res-
onant spectrum changes the temporal and spatial widths of the ST
wave packet as a result of the tight association between its spatial
and temporal spectral degrees of freedom. Note that in an omni-
resonant cavity, the transmission coefficient is uniform across the
full bandwidth because the same resonance condition is satisfied at
all wavelengths. Although we have made use here of coherent pulsed
fields,28 incoherent fields can also benefit from this strategy.47,48

Furthermore, much broader spectral bandwidths are accessible for
omni-resonance than we have exploited here.7,26,27

This work can be viewed as a further contribution to the
emerging field of space–time optics and photonics. Introducing
tight spatiotemporal spectral correlations in the optical field20,23,49

leads to new optical behavior upon free propagation such as self-
healing,50 controllable group velocity,31,32,51–54 transverse OAM,55

ultrafast beam steering,56 axially accelerating and decelerating wave
packets,54 and a veiled space–time Talbot effect.57 Moreover, ST
wave packets interact with photonic devices in novel ways, includ-
ing anomalous refraction,58 new hybrid guided ST modes in unpat-
terned thin films that can overcome the limitations imposed by
boundary conditions,59 propagation-invariant ST surface plasmon
polaritons that are confined in all dimensions,60 and boosting the
infrared photocurrent in solar cells exploiting omni-resonance.7 The
results reported here have the potential to add a new degree of
freedom to applications that can make use of omni-resonance by
offering access to arbitrary resonant spectral profiles.
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