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Spatiotemporal control of ultrafast pulses in
multimode optical fibers

Daniel Cruz-Delgado 1 , J. Enrique Antonio-Lopez1, Armando Perez-Leija1,
Nicolas K. Fontaine 2, Stephen S. Eikenberry1, Demetrios N. Christodoulides 3,
Miguel A. Bandres1 & Rodrigo Amezcua-Correa 1

Multimode optical fibers represent the ideal platform for transferring multi-
dimensional light states. However, dispersion degrades the correlations
between the light’s degrees of freedom, thus limiting the effective transport of
ultrashort pulses between distant nodes of optical networks. Here, we
demonstrate that tailoring the spatiotemporal structure of ultrashort light
pulses can overcome the physical limitations imposed by both chromatic and
modal dispersion in multimode optical fibers. We synthesize these light states
with predefined spatial and chromatic dynamics through applying a sequence
of transformations to shape the optical field in all its dimensions. Similar
methods can also be used to overcome dispersion processes in other physical
settings like acoustics and electron optics. Our results will enable advance-
ments in laser-based technologies, including multimode optical communica-
tions, imaging, ultrafast light-matter interactions, and high brightness fiber
sources.

The combination of spatiotemporal light beam synthesis and sophis-
ticated multimode waveguides raises the intriguing possibility of har-
nessing ultrashort light pulses with rich dynamics in a variety of
applications. Yet, an optical pulse that originally exhibits precise spa-
tiotemporal correlations prior to transmission through a medium
invariably loses its initial state due to effects arising from dispersion.
Specifically, the spatial and chromatic constituents of light travel at
different speeds, leading to undesirable aberrations in the overall
pulse structure. Consequently, controlling the energy distribution
contained in optical pulses as they traverse multimode channels pre-
sents a formidable challenge. This affects diverse technological areas
such as ultrafast optics, fiber lasers, communications, and custom light
delivery. Addressing this problem using richer pulse light configura-
tions in multimode environments will facilitate investigations of fun-
damental phenomena such as multimode multicolor solitons1,
spatiotemporal probing, and coherent control of ultrafast light-matter
interactions2–4. Recent work on space-time beams incorporates non-
separable spatiotemporal states via generation of localized wave-
packets with controllable group velocity5,6, spatiotemporal orbital

angular momentum (OAM) dynamic beams2,7–12, and toroidal
vortices13,14. Additionally, major experimental efforts have led to spa-
tiotemporal focusing using pulsed laser sources15–19, combination of
spatial modes in continuous-wave conditions20, excitation of super-
modes in unbounded planar waveguides21, and fiber optics22,23, even
experimental propagation of transverse OAM structures in few-mode
fiber24. This, in turn, sparked a surge of numerical studies proposing
the generation of guided space-time wavepackets in integrated
photonics25, suggesting how to categorize and synthesize space-time
wavepackets26 and exploring space-time beams coupling inmultimode
waveguides27,28. In the context of imaging systems, of special interest
are multimode optical fibers, which many consider to be the probe of
choice in terms of examining the interior of living organisms and
tissues29,30, and observing the intricate details of biological systems31,32.
Admittedly, to faithfully retrieve the optical information and to
diminish the detrimental effects of random scattering and dispersion,
most methods require prior knowledge of the light scrambling pro-
cesses by either computing and measuring the transmission
matrix20,22,33–35, or by learning the output speckle patterns36–44. Indeed,
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previous investigations have reported on compensation of modal
dispersion by controlling time-varying principal modes via feedback45

and the compensation of chromatic dispersion by modal dispersion46.
Notwithstanding these advancements, uncontrolled dispersion

effects on spatiotemporal pulses in multimode optical fibers continue
to limit the ultimate performance of these technologies34. Leveraging
our previous free-space spatiotemporal pulse synthesis framework11,
we now investigate its implementation within multimode fiber envir-
onments, a pivotal advancement for the practical deployment of ST
pulse-based systems. We achieve this by manipulating the spatio-
temporal degrees of freedom (DOF) of ultrashort light pulses prior to
propagation through multimode optical fibers. Specifically, we deliv-
ered spatiotemporal optical pulses at ~1μmwavelength through a 2m-
longmultimode optical fiber with high fidelity, thereby demonstrating
the capability of our system to mitigate both chromatic and modal
dispersion.

Results
In Fig. 1, we illustrate this concept andour experimental setup. Thefirst
element in our arrangement is a laser source generating a discrete
array of evenly spaced pulses with pulse duration of 180 fs centered at
a wavelength of λ = 1030 nm with 6.4 nm bandwidth full-width at half-
maximum (FWHM), Fig. 1b. We split the pulse train to generate a
reference beam and a signal beam. On the reference beam, we insert a
delay line to vary the path length, so we can perform holographic
interference to examine the output beam. On the other hand, a
reconfigurable space-time (ST) module allows us to readily program
the spatiotemporal structure of the signal beam and then precisely
couple it into a multimode fiber. The temporal stage of the STmodule
consists of a two-dimensional (2D) Fourier transformpulse shaper that
controls the spectral content (eigenfrequencies) of the signal pulse
and a diffraction grating that decomposes the light pulse into its
constituent wavelengths. A cylindrical lens projects the pulse onto a
two-dimensional (2D) spatial light modulator (SLM). Crucially, as dif-
ferent wavelengths impinge upon the horizontal axis of the SLM, the
spectral/temporal shaping of the signal beam takes place along the
horizontal direction. That is, the horizontal axis of our SLM is cali-
brated to imprint a particular phase pattern on each wavelength
component, while the vertical axis is configured to steer the spectrally
modulated pulses towards predefined positions before entering the
spatial stage of our ST module (see Supplementary Section I, Supple-
mentary Fig. 1). A dual-lens telescope adjusts the beamsize prior to the

spatial transformations. The spatial stage consists of amulti-plane light
conversion (MPLC) system, which adiabatically transforms the spatial
profile of the input field into specific mode functions. The MPLC
consists of a second SLM and a mirror parallel to each other such that
the input beam acquires the phasemorphology of six holograms upon
bouncing back and forth at six different positions on the SLM (see
Supplementary Section I, Supplementary Figs. 2 and 3). Altogether,
this optical configuration allows full control of the temporal and spa-
tial DOF of the pulsed field. To demonstrate the capability of our
system, we prepare light states with intricate structures and propagate
them through a graded index multimode optical fiber. Specifically, we
synthesize a single-polarization optical field represented by the spa-
tiotemporal function

E0 x, y, tð Þ=
X
m,n, k

Fm,n, k tð Þei Ψm,n, k tð Þ+ωk tð Þð ÞHGm,n, k x, yð Þeiφm,n, k : ð1Þ

Physically, Eq. (1) describes an entangled (nonseparable) optical
field formed by a coherent superposition of complex time-varying
functions, Fm,n, k tð ÞeiΨm,n, k tð Þ, that modulate a set of carrier signals of
frequency ωk tð Þ, each one exhibiting an instantaneous spatially struc-
tured Hermite-Gauss profile, HGm,n, k x, yð Þ, and a spatial phase φm,n, k ,
where (m,n) are the indices of the transverse spatial modes. Notice,
even though Eq. (1) describes a coherent superposition of products
involving spatial and temporal functions, in general, it cannot be
expressed as a single product. Therefore, the generated optical fields
are instances of the so-called classically entangled light states47.

For our experiments, we use a 2m-long graded index optical fiber
with a diameter of 11μm and a refractive index contrast Δ = 16 × 10−3.
This fiber supports six linearly polarized (LP) modes at the central
wavelength of our source (λ = 1030 nm) (see Supplementary Section II,
Supplementary Fig. 4). To examine the multidimensional composition
of the optical fields, we use a spectrally resolved holographic techni-
que. This allows us to extract the instantaneous complex spatial
composition (amplitude and phase) of each spectral component. To
achieve this,we record the interferencepatternbetween the signal and
reference beamswith a charge-coupled device (CCD) camera in an off-
axis geometry (Supplementary Section III, Supplementary Fig. 5). By
adjusting the time delay of the reference beam, we reconstruct the
signal wave dynamics. In addition, we discriminate the spectral com-
ponents of the spatiotemporal field by controllably tilting a narrow

Fig. 1 | Transport of spatiotemporal light pulses inmultimode waveguides. a A
light pulse Ein x, y, tð Þ with a specific spatiotemporal correlation defies modal and
chromatic dispersion after propagating in a multimode optical fiber, enabling
controllable correlations between the various DOFs, Eout x, y, tð Þ. b A femtosecond
pulse is divided into a signal and a reference beamusing a half-wave plate (λ=2) and
a polarization beam splitter (PBS). The signal pulse undergoes a series of trans-
formations in an ST synthesis module (green background). Initially, a spectral/
temporal stage manipulates the signal pulse. At this stage, a 2D Fourier transform
pulse shaper tailors the frequency components of the pulse. Next, a multi-plane
light conversion system (MPLC) quasi-adiabatically molds the spatial phase and

intensity profiles of the wavepacket. The synthesized ST optical field then couples
to 2m of graded index fiber (GIF). Finally, a frequency-resolved tomographic
interrogation module (yellow background) analyzes the output light. A CCD
records the holographic interference pattern between the reference and signal
wave in an off-axis geometry. A time delay on the reference arm scans the time
dimension τ. We controllably tilt a bandpass filter (SF) to discriminate the chro-
matic components of the pulse. To filter the pulse polarization, we use a tunable
polarization filter composed of a half-wave plate (λ=2) and a polarization beam
splitter (PBS). Supplementary Sections I–IV provide more details about the ST
synthesis module and interrogation module.
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bandpassfilter (see Supplementary Section IVa, Supplementary Fig. 6).
Furthermore, we access and examine the output polarization light
state by employing a tunable polarization filter (see Supplementary
Section IVb, Supplementary Fig. 7).

To benchmark the performance of our system, we first char-
acterize the response of the fiber by individually exciting each of the
first three supported modes LP01, LP11x , LP11y

� �
without altering

the spectrotemporal properties of the source pulse, Fig. 2. To do so,
we shape the spatial profile of the input pulse tomatch theHGmodes
HG00,HG01,HG10

� �
, which coincide with the LP modes in graded

index fibers. In Fig. 2a, c, e, we present the iso-intensity surfaces of
the output fields reconstructed for all chromatic components at each
specific time and realization. To characterize the complex structure
of the ST optical fields, we analyze the generated configuration using
spatial, temporal, and frequency-resolved measurements. To visua-
lize the impact of chromatic and modal dispersion on the trans-
mitted pulses, we generate the spectrotemporal maps shown in
Fig. 2b, d, f. Here, each pixel represents the retrieved instantaneous
field at a particular wavelength, expressed in terms of the spatial
Laguerre–Gaussian (LG) basis, see insets Fig. 2b, d, f. Using this LG
mode representation, we color-code the angular momentum exhib-
ited by the output fields, ‘1 = 1 (cyan), ‘0 =0 (magenta), and ‘�1 = � 1
(yellow), where any superposition of thesemodes is represented by a
single color, creating an CMY additive color model (Supplementary
Section V, Supplementary Figs. 8, and 9). Typically, in the absence of
dispersion, every pulse component, modal and chromatic, travels at
the same velocity. However, after propagation through the fiber,

modal dispersion causes each mode comprising the pulse to emerge
at a different time, producing relative delays along the time axis of
the maps. We observe that the spatial mode with no vorticity ‘=0 is
the fastest, followed by the modes with OAM ‘= + 1 and ‘=�1,
respectively. The physical cause behind these delays is that, in
practice, optical fibermodes with OAM exhibit different propagation
constants. Additionally, chromatic dispersion produces a positive
chirp in the pulses, which appears as a positive slope in the spec-
trotemporal maps. It is also worth mentioning that no pulse spectral
broadening or central wavelength shift was observed in our
experiments.

Further supporting data can be found in Supplementary Sec-
tion VI, Supplementary Fig. 10 presents additional measurements for
the generated ST wavepackets for both polarizations, and Supple-
mentary Fig. 13 displays maps of amplitude spatial distribution.

To highlight the combined effect of modal and chromatic dis-
persion on the spatiotemporal pulses, we propagate an optical field
composed of all three accessible spatial modes LP01, LP11x , LP11y

� �

that preserve the spectral and temporal properties of the source
pulse. In Fig. 3a, we display the measured iso-intensity surface of the
propagated field. The spectrotemporal map in Fig. 3b depicts the
aberrations in the overall pulse structure. The three modes are
delayed relative to one another as a consequence of modal disper-
sion, while also acquiring positive chirps (represented as positive
slopes) as a result of chromatic dispersion. In Fig. 3c, we present
intensity distributions associated with the selected sections of the
measured spectrotemporal map.

Fig. 2 | Spatiotemporal responseofmultimodeopticalfiber. a, c, eMeasured iso-
intensity surfaces of the pulsed field when we excite individually each one of the
first three supported modes HG00,HG01,HG10

� �
. b, d, f Color-coded modal

decompositionmaps after projecting thefield onto a set of Laguerre–Gaussian (LG)
modes, in this map each ‘pixel’ corresponds to the spatial distribution of the
amplitude and phase, measured at a specific time and wavelength. Each mode of
this basis is associated with an CMY color (‘�1 = � 1 (yellow), ‘0 =0 (magenta), and

‘1 = 1 (cyan)). Note that the presence of only one color in each panel indicatesmode
purity. We observe that the spatial mode with vorticity ‘=0 is the fastest, followed
by the modes with OAM ‘= + 1 and ‘=�1, respectively. Chromatic dispersion
produces a delay in the spectral components of the pulse, which appears as a
positive slope in the shape. In the insets, we present a detailed view of the spatial
structure of the propagated pulses.
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We now show that we can readily manipulate the spatiotemporal
structure of the input pulse to negate the effects of dispersion and to
eliminate the relative modal time delays. During the first experimental
trial, we counteract the effects of modal dispersion in the fiber by fine-
tuning the timing between three input modes HG00,HG01,HG10

� �
. To

achieve this, we synthesize a train of three pulses, each assigned a dif-
ferent spatial profile/mode and corresponding propagation constant,
with time offsets selected such that they temporally overlap at the fiber
output. We delay the HG01 and HG10 modes with respect to the HG00

mode by 1.15 ps and 0.62ps, respectively. To do so, we apply a linear
phase sweep onto the pulse spectrum using the SLM in the Fourier
transformpulse shaper, which corresponds to a temporal shift. Figure 3c
depicts the experimentally measured iso-intensity surface of the output
field. In Fig. 3d, we display the field’s modal composition in the color-
coded map. The chromatic superposition of cyan (‘+ 1 = + 1), magenta
(‘0 =0), and yellow (‘�1 = � 1) creates a uniform whitish color in the
spectrotemporal map (Fig. 3e), indicating that the three modes exit the
fiber simultaneously. In the inset of Fig. 3d, we present the spatial mode
composition of the field retrieved from the white pixel-squared region.

In a second experiment, we generate a single pulse structure by
allocating differentmodes at different parts of the spectrum, assigning
the HG00 mode at longer wavelengths of the pulse, while designating
the HG01 mode at a shorter wavelength, such that the combination
produces a monolithic spatiotemporal entity at the fiber output. In
other words, we compensate chromatic dispersion by properly
manipulating the modal dispersion that the pulse is expected to
experience during propagation. To implement such a structure, we

seize the fact that (i) the HG00 mode travels faster than HG01 mode in
the fiber (due to modal dispersion) and that (ii) longer wavelengths
propagate faster than shorter ones (due to chromatic dispersion). The
iso-intensity surface corresponding to this case is shown in Fig. 3e.
Figure 3f displays the composition of this spatiotemporal pulse, where
the magenta and cyan colors represent the two different angular
momentum states, OAM value ‘=0 at the longer wavelengths and
‘= + 1 at the shorter wavelengths, both emerging simultaneously. In
the insets of Fig. 3f, we show the spatial intensity distribution of the
field corresponding to the white square regions.

Complementary results are also shown in Supplementary Sec-
tion VI, Supplementary Figs. 11 and 14. Here, we present additional
measurements for the generated ST wavepackets for both polariza-
tions and maps of amplitude spatial distribution, respectively.

To further illustrate the capabilities of our system, we next proceed
to counterbalance the effects of both modal and chromatic dispersion
simultaneously. The first pulsed field we synthesize for this set of
experiments exhibits a cylindrical-like spatial composition with negative
vorticity ðl�1 = � 1Þ, which possesses a positive cubic chromatic func-
tion. In order to generate this spatial structure, we employ 2 of the 3
spatial modes available in our ST synthesis module, that is HG01 and
HG10 modes. Initially, we delay the HG01 mode with respect to theHG10

mode by 0.5 ps to compensate for chromatic dispersion. Furthermore,
(i) we correct for the chirp induced by the fiber propagation and (ii) we
tailor the instantaneous frequency of the pulses corresponding to HG01

andHG10 modes with a third-order function. Themeasured iso-intensity
profile for this field is depicted in Fig. 4a, while Fig. 4b depicts the

Fig. 3 | Dispersion mitigation 1. Measured iso-intensity of a a wavepacket com-
posed of our three accessible spatial modes coupled together HG00,HG01,HG10

� �
.

cA field structuremade up of our three spatialmodes appropriately delayed to exit
the fiber concurrently. eA single spatiotemporal entity comprised of spatialmodes
HG00 and HG01 allocated in different sections of the pulse spectrum. Color-coded
modal decomposition maps where each ‘pixel’ depicts the complex (amplitude/
phase) spatial distribution measured at a specific time and wavelength, displaying

b threeHGmode elements delayed due tomodal dispersion and positively chirped
because of chromatic dispersion. d Our three HG modes arriving simultaneously
with positive chirp. f A pulse structure featuring two different topological charges,
with vorticity value ‘=0 in the longer wavelengths and ‘= + 1 in the shorter
wavelengths. In the insets, we present the spatial intensity structure of the
wavepackets.
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corresponding spectrotemporal configuration, which resembles a
parabolic function and provides evidence of the positive third-order
frequency function imposed in the spectral phase of the field. The beam
vortex attributes, intensity and phase, taken at the region enclosed by
the white square in the spectrotemporal map, are shown in Fig. 4c.

To provide more compelling evidence of simultaneous compen-
sation for chromatic and modal dispersion, we prepared an entangled
three-pulse train using our 3 available spatial modes
HG00,HG01,HG10

� �
, each pulse exhibiting a particular spatial Hermite-

Gaussmode and different spectral chirp, see Fig. 4d, e, f.We use our ST
pulse synthesizer to generate a train of three pulses where: On the first
pulse, we imprint the spatial HG00 mode with a second-order spectral

function, in the second pulse, we mold the HG01 mode with a third-
order function, while in the third pulse we impose an HG10 mode with
no modulation. Our three spatial structures are allocated at different
times, swapping the characteristic arrival time of the guidedmodes, we
delay theHG01 by 4.6 ps and theHG10 by 3.1 ps, bothwith respect to the
HG00 pulse. This pulsed field, when captured at a specific propagation
distance, z = z0, is analytically described by the spatiotemporal super-

position E x, y, tð Þ=A00e
� t�τ00k

σ00k

� �2

eiβ0,0, k t
2
eiωk tHG00ðx, yÞ+A01e

�ðt�τ01k
σ01k

Þ
2

eiβ0, 1,k t
2
eiωk tHG01 x, yð Þ+A10e

� t�τ10
σ10

� �2

eiωk tHG10 x, yð Þ, which evidently is
nonseparable.

Fig. 4 | Dispersion mitigation 2. Measured iso-intensity of the wavepackets. a A
pulsed field displaying spatial negative vorticity (‘=�1). d A train of three pulses,
each with different spatial mode structure, matching the first three LP modes
guided in fiber. Here, instead of the natural arrival time, we set the temporal order
of the modes ad libitum. Color-coded modal decomposition maps after projecting
the field onto a set of Laguerre–Gaussian (LG) modes displaying. b Our pulse with

vorticity ‘=�1, (yellow color). It’s important to note that thecubic spectral function
is manifested as a parabola-like shape. e The spectral function is fashioned on each
element of the train of pulses, a cubic spectral function on the LP11x mode, no
frequency chirp on the LP11y mode, a negative quadratic spectral function on the
LP01 mode. In (c, f), we depict the spatial profile intensity of selected regions of the
spatiotemporal structures.
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In Fig. 4d we present the corresponding iso-intensity surfaces
displaying the spatial patterns of the LP modes in the predefined
temporal order. We tailor the first element to exhibit positive vorticity
‘1 = 1
� �

and a negative cubic chromatic function (parabolic-like shape
pointing to the left of the map). The second pulse has negative vorti-
city ‘�1 = � 1

� �
and a constant phase. The third element has no vorti-

city ‘0 =0
� �

and a negative quadratic chromatic function (negative
slope). Notice, the chromatic function imprinted on the modes was
chosen arbitrarily, and their realization is meant to demonstrate the
potential of our system to manipulate the spectral content of the
constituent modes. Figure 4e shows the imposed frequency functions
for each component. The spatial profiles in Fig. 4f demonstrate the
transition of the LP mode content across different spectral/temporal
regions. These results clearly demonstrate that our platform can
establish a new design paradigm for ultrafast fiber applications and
fiber amplifiers.

Supplementary Section VI provides extended characterization in
Supplementary Figs. 12 and 15, presenting additional measurements
for the generated ST wavepackets for both polarizations and maps of
amplitude spatial distribution, respectively.

Despite the outstanding capabilities of our system, there are
limitations in the fiber length that our system can compensate for. Let
us elaborate, when a pulse traverses an optical fiber of length L, it
acquires a spectral phase ϕ ωð Þ= � β ωð ÞL48. Accordingly, to compen-
sate the expected group velocity dispersion (GVD), we must counter-
balance the nonlinear terms ϕ2 ω� ω0

� �2
=2 and β2 ω� ω0

� �2L=2,
whereϕ2 and β2 are the second-order terms in the Taylor expansion of
the spectral phase and the fiber propagation constant, respectively.
For silica at λ = 1030nm, we obtain β2 = 18:973f s

2
=mm, which corre-

sponds to a maximum phase delay ϕ2 � 1:82× 105 f s2. This is the
maximum spectral phase that can be attained by our system, and it is
enough to compensate for chromatic dispersion in a graded index
fiber of approximately 9m. In principle, it is possible to compensate
for dispersion for longerfiber lengths by using a cascadepulse-shaping
system, where each stage can gradually correct for a certain amount of
dispersion. Additionally, our system can be adapted to operate with
dual-polarization optical fields. To do so, we would need to upgrade
the current SLMs to implement polarization-insensitive spatial light
modulations in the Fourier transform pulse shaper and the MPLC49–51.
Looking forward, the dispersion compensation techniques employed
here can serve as a basis to explore the robustness of spatiotemporal
wavepackets to the effects of external perturbations of themultimode
fiber. This will open an opportunity to find the dispersion regimes, as
we have done in the cases considered here, and generate spatio-
temporal wavepackets tailored to endure particular external
perturbations.

In summary, we experimentally demonstrated the ability to deli-
ver a rich variety of spatiotemporal states of pulsed light to overcome
the adverse effects encountered in a complex environment like a
multimode waveguide. Our methodology allows one to synthesize
arbitrary multidimensional light pulses in a robust and versatile man-
ner. This has implications for a broad range of applications such as
fiber-based multimode imaging systems, long-distance communica-
tions, ultrafast light-matter interactions, optical fiber amplifiers, and
multidimensional information encoding.

Methods
We employ a pulse laser source centered at ~1030 nm, 180 fs
(~6.4 nm FWHM, sech2-shaped pulse) and repetition rate of
40MHz (Origami NKTPhotonics). We use a half-wave plate
(AHWP05M-980 Thorlabs) and a polarization beam splitter
(PBS123 Thorlabs) to controllably divide the beam into reference
and signal pulses. We temporally modulate the signal pulse train
with a two-dimensional Fourier transform pulse shaper in a folded

configuration. We use a ruled reflective diffraction grating
(1200 grooves⁄mm, Blaze wavelength 1 μm, Thorlabs). A C-coated
cylindrical lens with 30 cm focal length (LJ1558RM-B Thorlabs).
Additionally, we employ a 1920 × 1080 pixels reflective SLM, pixel
size 8 μm (PLUTO-2.1-NIR Holoeye). We direct the modulated
pulse coming out of the two-dimensional Fourier transform pulse
shaper to the next stage using a 50/50 beam splitter (BS014
Thorlabs). We adjust the size of the field with a two-lens system
composed of two C-coated plano-convex lenses, f1 = 3.5 cm
(LA1027-C Thorlabs) and f2 = 30 cm (LA1484-C Thorlabs). At the
last stage, we spatially engineer the field profile with an MPLC
system using a 1920 × 1080 pixels reflective SLM, pixel size 8μm
(PLUTO-2.1-NIR Holoeye), and a squared mirror (PFSQ05-03-P01
Thorlabs).

For our experiments, we use 2-m-long graded index optical fiber
home-drawn with a diameter size of 11μm and a refractive index con-
trastΔn = 16 × 10−3. We wind our fiber on a 20 cmdiameter coil.We use
a B-coated aspheric lens with 4.6mm focal length (CFC5A-B Thorlabs)
to couple the synthesized fields in our graded index fiber. Finally, we
use a B-coated aspheric lens with 11-mm focal length (C397TMD-B
Thorlabs) to uncouple the light.

To analyze the spatiotemporal structure of the fields, we use
the reference pulse with a controllable time delay. We use a
second set of half-wave plates and a polarization beam splitter to
adjust the reference pulse’s intensity. We resolve the frequency
components of the signal pulse by employing a spectral filter
centered at 1047.1 nm, 4 nm FWHM bandwidth (LL01−1047−12.5
Semrock) mounted on a rotation stage (Thorlabs ELL14). We
recombined the reference and signal arms using a 50/50 beam
splitter (BS005 Thorlabs). We distinguish the polarization state
using a system composed of a half-wave plate (AHWP05M-980
Thorlabs) and a polarization beam splitter (PBS053 Thorlabs).
Finally, we record the reference and signal interference pattern
on a CCD camera 2048 × 1088 pixels, 5.5 μm pixel size (Beamage-
3.0 Gentec). In order to capture the dynamics of the field, a linear
translation stage driven by an actuator (Z825B Thorlabs). We scan
the time dimension by introducing a time delay τ on the reference
arm at time steps of ~66.66 ps (20 μm optical path length steps),
while we interrogate the frequency components by rotating the
spectral filter at angle steps of 0.5°.

Data availability
The authors declare that the data supporting the findings of this study
are available via OSF at https://doi.org/10.17605/OSF.IO/H3JXQ.
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