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Time reversed optical waves by arbitrary vector
spatiotemporal field generation

Mickael Mounaix® 3, Nicolas K. Fontaine?3, David T. Neilson?, Roland Ryf2, Haoshuo Chen?,

Juan Carlos Alvarado-Zacarias? & Joel Carpenter® '™

Lossless linear wave propagation is symmetric in time, a principle which can be used to
create time reversed waves. Such waves are special “pre-scattered” spatiotemporal fields,
which propagate through a complex medium as if observing a scattering process in reverse,
entering the medium as a complicated spatiotemporal field and arriving after propagation as a
desired target field, such as a spatiotemporal focus. Time reversed waves have previously
been demonstrated for relatively low frequency phenomena such as acoustics, water waves
and microwaves. Many attempts have been made to extend these techniques into optics.
However, the much higher frequencies of optics make for very different requirements. A fully
time reversed wave is a volumetric field with arbitrary amplitude, phase and polarisation at
every point in space and time. The creation of such fields has not previously been possible in
optics. We demonstrate time reversed optical waves with a device capable of independently
controlling all of light's classical degrees of freedom simultaneously. Such a class of ultrafast
wavefront shaper is capable of generating a sequence of arbitrary 2D spatial/polarisation
wavefronts at a bandwidth limited rate of 4.4 THz. This ability to manipulate the full field of
an optical beam could be used to control both linear and nonlinear optical phenomena.
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n a time reversal experiment!~9, the spatiotemporal field to be

recreated is often a short pulse originating from a small

focused spot. After potentially undergoing a complicated
scattering process the far-field of this source is recorded by an
array of transducers/antennas. The time axis of these signals is
then flipped and replayed through the array to regenerate the
spatially and temporally focused source. This can be extended to a
transfer matrix-based approach’-12, whereby an array of sources
is characterised allowing arbitrary superpositions of those sources
to be regenerated. Time reversal processing can be performed
either by physically back-propagating signals through the med-
ium, or by numerically back-propagating signals using the con-
jugate transpose of the transfer matrix measured in the forward
direction.

An advantage of a transfer matrix approach is the ability to
deliver arbitrary spatiotemporal fields to the target, without first
having to physically generate, back-propagate and measure the
required input field, meaning experimental error associated with
physical field generation is eliminated, and any field can be
synthesised from a small number of measurements, not just fields,
which have been previously measured.

Low frequency phenomena such as acoustics, water waves and
microwaves, are within reach of electrical digitisers and signal
generators that can record and generate the required fields
directly in the time-domain. When working with broadband
sources at optical frequencies, such as femtosecond lasers, the
electric field cannot be directly measured or manipulated in the
time-domain as it can for acoustics or microwaves. Hence
extending time reversal techniques into optics requires a different
approach.

For a given target field after propagation through a complex
medium, the exact corresponding time reversed wave in the
general case is a completely arbitrary function of space, time and
polarisation. The scattering process itself need not create waves
with any correlations between the spatial, temporal and polarisa-
tion degrees of freedom, and therefore any device capable of
generating these time reversed fields must be similarly unrest-
ricted. The generation of such fields requires independent control
of the impulse response of every spatial and polarisation mode
supported by the medium. In this sense, it is the ultimate form of
linear wave control as it requires all the classical linear properties
of the wave to be controlled independently and simultaneously.

Previous experiments in optics!®13-14 have demonstrated spatial
control®1>-21, temporal control?2-2> or some limited combination
of both26-33, These demonstrations have various implementations,
however, they all share an inability to simultaneously control two-
dimensional (2D) space, time/frequency and polarisation as
completely independent degrees of freedom. In previous demon-
strations, each property of light does not map to its own spatially
separated position on the programmable wavefront control device
(typically an spatial light modulator (SLM)), where it can be
independently controlled. For example, all spectral components
may map to the same position on the SLM?®, or one spatial axis
cannot be controlled independently of the spectral axis?’-343%, and
it is also common for polarisation to be neglected entirely. Owing
to the high frequencies and bandwidths, the manipulation of
ultrashort optical pulses is typically performed in the frequency
domain using spectral pulse shapers®. In the frequency domain,
time reversal is broadband phase conjugation!32”, and requires
the amplitude and phase of every spatial mode to be indepen-
dently controllable as a function of wavelength. A spectral pulse
shaper based on a 2D SLM can control the frequency response of
multiple spots in a linear array simultaneously?”. In such a system,
one-axis of the SLM is assigned to the wavelength degrees of
freedom and the other axis the one-dimensional (1D) spatial
degrees of freedom, consisting of the output linear spot array.
However, the transverse spatial properties of a beam are 2D. In
Cartesian coordinates for example, the transverse structure of a
beam is a function of both x and y. Hence there are three
dimensions of required control per polarisation, which in the
simplest case must be addressed by the 2D surface of the SLM.
This dimensional mismatch is an important reason why fully time
reversed waves in optics have not previously been demonstrated.
Previous work used the two dimensions of the SLM to control the
two spatial dimensions’, 1 spatial dimension and 1 spectral
dimension2734, or some other partial combination of the spatial
and temporal degrees of freedom!3-2226,29,30,32,35,

In this work as summarised in Fig. 1, we employ a multi-plane
light conversion (MPLC) device3® 40 in combination with a
polarisation-resolved*1¥2 multi-port3’ spectral pulse shaper3® in
order to control all three dimensions (2 space, 1 frequency/time)
for both polarisations on a 2D SLM. The MPLC device performs a
spatial transformation, which maps a 1D array of 45 Gaussian
spots to a 2D set of 45 Hermite-Gaussian (HG) modes3%-40, This
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Fig. 1 Simplified schematic of a device capable of mapping an input vector spatiotemporal field onto an arbitrary vector spatiotemporal output field.
Amplitude, phase, spatial mode, polarisation and spectral/temporal degrees of freedom can all be independently addressed simultaneously through the
programming of the spatial light modulator. Ninety spatial/polarisation modes can be independently controlled over 4.4 THz at a resolution of ~15 GHz,
making a total of ~26,000 spatiospectral modes. Source, time reversed and target fields have polarisation components illustrated spatially separated for
clarity, but are co-located. Optical system animated in detail in second online video (14:00) in Supplementary Note 1.
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Fig. 2 Schematic of spatiotemporal field generation and characterisation apparatus. A polarisation and spatially resolved spectral pulse shaper for
generating arbitrary vector spatiotemporal states, in conjunction with a swept-wavelength digital holography system for characterisation. All

characterisation and results are measured in the frequency domain.

enables two spatial dimensions of the output beam to be con-
trolled using a single spatial dimension of the SLM, which leaves
the other spatial dimension of the SLM for control of the spectral/
temporal degree of freedom. The spectral pulse shaper steers light
to a set of 45 discrete spot positions in a 1D array, which through
the MPLC transformation, excite the corresponding 2D HG
modes at the input of the multimode fibre. Addressing the output
beam in the HG basis naturally supports applications in both
free-space and fibre optics. Compared to spatial bases of 2D spot
arrays, the HG basis also has the advantage of no regions of dead-
space where light cannot be delivered in the near and far-fields.

Results

Experimental setup. A schematic of the device and the associated
characterisation apparatus is summarised in Fig. 2. Detailed
explanations and visualisations are available in the Supplemen-
tary Information and online videos listed in Supplementary
Note 1. The source field enters the device through a single-mode
fibre (SMF) in some arbitrary polarisation-dependent temporal
state. Inside the device, this source field will be split among many
optical paths by the SLM, creating different combinations of
spatial modes and delays. This redistribution of light transforms
the source into the desired spatiotemporal or spatiospectral state
at the output. In these demonstrations, the source corresponds in
the time-domain with a bandwidth-limited sinc pulse (4.4 THz of
rectangular bandwidth centred at 1551.4 nm), linearly polarised
at 45 degrees with respect to the SLM. This source field enters the
polarisation-resolved multi-port spectral pulse shaper where it is
mapped onto the surface of the SLM (Holoeye PLUTO II)
through polarisation diversity optics and anamorphic dispersive
optics. Through these optics, the horizontally and vertically
polarised components of the beam are separated onto the left and
right side of the SLM respectively. Within each beam for each
polarisation component, the spectral components are dispersed
across the x-axis (wide axis) of the SLM. Applying a phase tilt
along this spectral axis (x-axis) will steer the beam back towards
the output array along longer or shorter paths through the
grating, creating controllable delay°. In Fig. 2, this corresponds
with steering in the plane of the page. The device operates
between 1533.94 nm and 1569.27 nm, corresponding to 4.4 THz
of optical bandwidth. The width of each spectral component on
the SLM is ~3 pixels or 15 GHz. Corresponding with a maximum
of ~300 spectral modes of control for each of the 90 spatial/
polarisation modes. Applying a phase tilt along the y-axis (short
axis) of the SLM will steer the beam along the 1D array of
Gaussian spots at the input to the MPLC3%43. In Fig. 2, this
corresponds with steering in/out of the plane of the page. Each of
the 45 spots in the 1D array is transformed to a particular HG mode
through the 14 phase planes of the MPLC device for both polar-
isation components. In this way, both Cartesian indices (m,n) of the
HG basis set can be addressed by steering light along the 1D array

using the SLM. By programming more complicated phase masks
onto the SLM it is possible to redistribute light among these two
axes corresponding to the spatial/polarisation and spectral/temporal
degrees of freedom, allowing arbitrary spatial/polarisation modes to
be assigned to arbitrary frequencies or delays. The device is attached
to a 5m length of graded-index 50 um core diameter multimode
fibre (MMF)*4, which will be used as a complex medium through
which a desired vector spatiotemporal field is to be generated. The
fibre supports the same number of modes as the spatiotemporal
beam shaper (90 spatial/polarisation modes) with a delay spread of
approximately 0.15 ps/m*%. Owing to modal dispersion, a spatio-
temporal state input to the fibre arrives at the other end in a dif-
ferent spatiotemporal state. As the entire delay spread of all spatial
and polarisation modes this fibre supports are addressable, no path
exists through the fibre, which cannot be time reversed.

A complete linear description of the device and the attached
MMF is acquired using swept-wavelength digital holography°.
This linear description consists of a set of 90 x90 frequency-
dependent complex matrices, which maps each of the 90 spatial/
polarisation input modes to each of the 90 output modes, in both
amplitude and phase as a function of optical frequency. Through
these matrices, any spatiotemporal input can be mapped to any
spatiotemporal output in both directions. To measure these
matrices, each spatial mode in each polarisation is selectively
excited at the input of the MMF one-at-a-time by the SLM. Then,
as the wavelength of the source is swept, the digital holography
system measures the optical field at the output of the fibre, and
extracts the amplitude and phase for each output mode as a
function of frequency. The desired spatiotemporal state to be
generated at the output of the fibre is specified as a wavelength-
dependent complex vector, which when back-propagated through
the measured matrices yields the corresponding input spatiotem-
poral state. A phase mask is then calculated to generate this state
using a modified Gerchberg-Saxton algorithm and displayed on
the SLM. Swept-wavelength digital holography is then performed
to characterise the resulting spatiotemporal output state.

In traditional holography, a 2D diffractive element encodes the
complex amplitude of a 2D wavefront, which can be recreated by
illuminating the element with a spatial reference beam. This new
device can be thought of as an extension of this to an extra
dimension; a three-dimensional (3D) diffractive element, which
when illuminated with a reference pulse in a reference spatial
mode, will reconstruct a fully volumetric optical field (2
transverse space and 1 time/longitudinal space). It is a type of
reprogrammable space-time hologram#°.

This device is capable of generating types of optical beams,
with full control of the spatial, spectral/temporal and polarisation
properties and the implementation of various mappings between
these properties, for example, arbitrarily polarised focused spots
or singularities*®4” tracing arbitrary trajectories through space
and time or frequency?8, or indeed any arbitrary vector spatial
fields generated at arbitrary wavelengths or delays. In this way the
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device can also be thought of as a kind of ultrafast wavefront
shaper, capable of generating a sequence of approximately 90
independent wavefronts at a rate of 4.4 THz. For a traditional
continuous wave (CW) beam, the wavefront in one plane specifies
the wavefront at all other points in space ahead and behind the
wavefront. However, these new beam types have an additional
dimension of control. For a fixed point in time, or alternatively a
fixed plane in space along the optic axis, like for example the focal
plane, the wavefronts ahead and behind can all be independently
controlled and unrelated.

Spatial wavefront manipulation and spectral pulse shaping
already have broad applicability and the ability to perform both
simultaneously by this device could have many applications within
linear and nonlinear optics, for example, the control of light
propagation through complex media for applications such as
imaging, which is analogous to previous demonstrations for lower
frequency phenomena. However, optical waves are quite different
from acoustics, microwaves and water waves, not only in terms of
wavelength, frequency and bandwidth, but also particularly with
respect to interaction with matter. Hence, this new type of control in
optics could open up many possibilities that are not just general-
isations of previous demonstrations for lower frequency phenomena,
with applications such as nonlinear microscopy#®, micromachin-
ing®%, quantum optics®!, optical trapping®%, nanophotonics and
plasmonics®3, optical amplification®® and other new nonlinear
spatiotemporal phenomena, interactions and sources>>~>7.

Experimental results. Figure 3 contains various examples of
spatiospectral and spatiotemporal control, with additional
examples available in the Supplementary Information. The
measured 3D optical fields (2D space and 1D time/frequency) are
plotted as a sequence of 2D fields, as well as volumetric render-
ings. The plots contain both amplitude and phase information for
these fields for both polarisation components. Examples, such as
the spatiotemporal foci of Fig. 3b, d, are similar to typical first
demonstrations of time reversal in other wave phenomena, which
is a use case of practical application in imaging and nonlinear
optics. However, most examples were chosen to be illustrative of
the system’s ability to generate beams with arbitrary control over
space, time/frequency and polarisation, rather than any specific
use case. All beam types are characterised in the frequency
domain. For spatiotemporal beam demonstrations, the presented
results are Fourier transformed into the time-domain from the
measured frequency-dependent fields measured using swept-
wavelength digital holography.

In Fig. 3a the device of Fig. 2 is used as a programmable
dispersive element, which can perform arbitrary mappings
between wavelength and 2D space/polarisation. The horizontal
and vertical polarisations cycle through spatial fields correspond-
ing with letters of the Latin alphabet in forward and reverse
alphabetical order respectively. From these measured optical
fields of Fig. 3a it is possible to see that the spatial amplitude and
phase in both polarisations can be controlled as a function of
wavelength. The overall spectral phase is near constant as a
function of wavelength and hence all letters arrive at the
same delay.

The remaining examples of Fig. 3 all demonstrate spatiotem-
poral beams. In these examples, the principle of operation is
much the same as the spatiospectral control example of Fig. 3a,
except the desired spatial/polarisation output states are specified
in the time-domain. For temporal control, it is critical that not
only are the correct superpositions of spatial/polarisation modes
excited at each wavelength, but also the relative phase between the
wavelengths must be correct in order to generate the desired
temporal features. Figure 3b is a relatively simple spatiotemporal

demonstration; a polarised diffraction limited focus of 230fs
temporal duration (corresponding to the bandwidth of the device,
44THz). As discussed in more detail in the Supplementary
Information (Supplementary Fig. 16), at 0 ps delay, the spatial
focus is 86% of the peak theoretical intensity achievable using 45
HG modes, and 84% of the theoretically achievable power for a
rectangular spectrum of 4.4 THz is delivered to the 0 ps delay.
Figure 3c is a similar demonstration of a more complicated spatial
field, a vertically polarised “smiley face”, which has been
generated at a desired delay of 5 ps. Figure 3d in an example of
two orthogonally polarised focal spots that are independently
tracing out spirals in time across a delay spread of 20 ps. This can
be seen from the sequence of 11 measured fields shown in Fig. 3d
and from the volumetric rendering of the field to the right of
Fig. 3d. This illustrates how the device can be used to trace
focused spots along arbitrary trajectories at a rate limited by the
optical bandwidth (4.4 THz). This could be used for raster
scanning or other kinds of sampling at ultrafast rates. Figure 3e is
another spatiotemporal demonstration, similar to Fig. 3d, but
which maps more complicated spatial fields representing
numerals to different delays across an 8 ps delay spread. Figure 3f
is an example that illustrates a spatial and polarisation state
change as a function of delay. A radially polarised “clock hand”.
That is, a spatial field consisting of a linearly polarised line
pointing outwards from the centre of the fibre core, which rotates
as a function of delay. This kind of control of space, time and
polarisation independently could be of use to high-power
applications working at high numerical apertures, such as
micromachining®® or optical trapping®2. The examples of Fig. 3g,
h are designed to represent more recognisable 3D objects.
Figure 3g, the “arrow of time”, corresponds with a light field
literally shaped like a 3D arrow. Launching a pulse into the input
of the spectral pulse shaper of Fig. 2 would result in a 3D arrow
shaped beam, pointed backwards along the time/propagation
axis, flying into the charge-coupled device camera of the
characterisation apparatus. Similarly, Fig. 3f is a simple 3D light
rendering of an Eiffel tower shaped beam flying base-first along
the propagation axis. Further experimental results are available in
the Supplementary Information, particularly in the online videos,
including additional characterisations such as spatially and
temporally dependent losses, as well as tests of performance
versus number of addressed spatiospectral modes.

The imperfections in the device can be organised into three
types. First, there is frequency-dependent loss (Supplementary
Fig. 8). The frequency response of the device is not perfectly flat
over the full 4.4 THz range, which makes for a slight broadening
of the temporal features. Integrating under the average frequency
response curve over all 90 spatial/polarisation modes, yields a
bandwidth that is 83% compared with a flat 4.4 THz response.
This is consistent with the 84% value for the specific example of
the spatiotemporal focus presented in Fig. 3b and Supplementary
Fig. S16. The second type of imperfection is mode dependent loss
(Supplementary Fig. 8). Each of the 90 spatial/polarisation modes
do not have the same loss, which leads to a loss of spatial/
polarisation detail. This effect averaged over all frequencies and
all possible spatial/polarisation target fields yields a spatial/
polarisation fidelity of 83%. That is, when maximising the power
delivered to the target state, and assuming no additional
imperfections that were not present when the transfer matrices
were measured, on average 83% of the total output power would
be in the target spatial/polarisation state. A thorough investiga-
tion of the distribution of spatial fidelities over frequency and
target state is provided in Supplementary Fig. 17. Both frequency
and spatial/polarisation-dependent losses could at least to some
extent be calibrated out by trading off total power delivered to the
target state, in favour of a higher proportion of the output power
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a Spatiospectral alphabet. One character every 50 GHz
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Fig. 3 Selection of vector spatiospectral and spatiotemporal states measured at the distal end of the multimode optical fibre. VVarious examples
illustrating control of the spatial amplitude, phase and polarisation of a beam as a function of frequency or time. The examples are shown as a sample
sequence of measured optical fields, as well as a volumetric rendering of the field as function of space, time/frequency and polarisation. a Spatiotemporal
demonstration. b-h Spatiotemporal demonstrations are Fourier transforms of the measured optical fields using swept-wavelength digital holography.
Further examples and animations are available in the Supplementary Information.
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delivered to the target state. In practice, that would mean
redistributing and/or attenuating the power of spatial and spectral
degrees of freedom to flatten the overall response.

The third imperfection type relates to the accuracy at which
arbitrary spatiotemporal/spatiospectral states can be generated.
This is largely about the ability of the SLM to accurately represent
the required phase masks, in the presence of limitations such as
pixel crosstalk and finite spatial resolution. This is discussed in
more detail in the Supplementary Information (Supplementary
Figs. 11-15). For the most complicated spatiospectral states that
require all 90 spatial and polarisation modes to be excited equally
across the entire addressable frequency band, the proportion of
the total output power delivered to the target state is typically 86%
where the spectral features are wider than 30 GHz (90 x (4400/
30) = 13,200 spatiospectral modes). This value drops to 77% for
20 GHz features (19,800 spatiospectral modes) and 39% for 10
GHz features (39,600 spatiospectral modes), which exceeds the
spectral width of the beams on the SLM (~15 GHz).

We have demonstrated a system capable of measuring and
generating arbitrary vector spatiospectral optical fields. This
device is able to simultaneously control all classical linear degrees
of freedom in an optical beam independently, enabling full time
reversed optical waves to be generated through complex media, as
well as spatiotemporal control of light more generally for
applications such as imaging, nonlinear optics and micromani-
pulation. Alternate designs and options for scaling this device to
higher number of spatial modes, longer delays, finer temporal
features, and/or lower loss, are discussed in the Supplementary
Information.

Data availability

Data available on request from the authors.

Received: 7 June 2020; Accepted: 13 October 2020;
Published online: 16 November 2020

References

1. Fink, M. Time reversal of ultrasonic fields. I. Basic principles. Ultrason.
Ferroelectr. Freq. Cont. IEEE Trans. 39, 555-566 (1992).

2. Przadka, A. et al. Time reversal of water waves. Phys. Rev. Lett. 109, 64501
(2012).

3. Lerosey, G. et al. Time reversal of electromagnetic waves. Phys. Rev. Lett. 92,
193904 (2004).

4. Bacot, V., Labousse, M., Eddi, A., Fink, M. & Fort, E. Time reversal and
holography with spacetime transformations. Nat. Phys. 12, 972 (2016).

5. Lerosey, G., de Rosny, J., Tourin, A. & Fink, M. Focusing beyond the
diffraction limit with far-field time reversal. Science (80-.) 315, 1120-1122
(2007).

6. Dezfooliyan, A. & Weiner, A. M. Phase compensation communication
technique against time reversal for ultra-wideband channels. IET Commun. 7,
1287-1295 (2013).

7. Prada, C. & Fink, M. Eigenmodes of the time reversal operator: a solution to
selective focusing in multiple-target media. Wave Motion 20, 151-163 (1994).

8. Derode, A. et al. Taking advantage of multiple scattering to communicate with
time-reversal antennas. Phys. Rev. Lett. 90, 14301 (2003).

9. Popoft, S. M. et al. Measuring the transmission matrix in optics: an approach
to the study and control of light propagation in disordered media. Phys. Rev.
Lett. 104, 100601 (2010).

10. Miller, D. A. B. Waves, modes, communications, and optics: a tutorial. Adv.
Opt. Photon. 11, 679-825 (2019).

11. Popoff, S. M. et al. Exploiting the time-reversal operator for adaptive optics,
selective focusing, and scattering pattern analysis. Phys. Rev. Lett. 107, 263901
(2011).

12. Popof, S., Lerosey, G., Fink, M., Boccara, A. C. & Gigan, S. Image
transmission through an opaque material. Nat. Commun. 1, 81 (2010).

13. Mosk, A. P., Lagendijk, A., Lerosey, G. & Fink, M. Controlling waves in space
and time for imaging and focusing in complex media. Nat. Photon. 6, 283-292
(2012).

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Rotter, S. & Gigan, S. Light fields in complex media: Mesoscopic scattering
meets wave control. Rev. Mod. Phys. 89, 15005 (2017).

Papadopoulos, I. N., Farahi, S., Moser, C. & Psaltis, D. Focusing and scanning
light through a multimode optical fiber using digital phase conjugation. Opt.
Express 20, 10583-10590 (2012).

Judkewitz, B., Wang, Y. M., Horstmeyer, R., Mathy, A. & Yang, C. Speckle-
scale focusing in the diffusive regime with time reversal of variance-encoded
light (TROVE). Nat. Photon. 7, 300 (2013).

Vellekoop, I. M. & Mosk, A. P. Focusing coherent light through opaque
strongly scattering media. Opt. Lett. 32, 2309-2311 (2007).

Yaqoob, Z., Psaltis, D., Feld, M. S. & Yang, C. Optical phase conjugation for
turbidity suppression in biological samples. Nat. Photon. 2, 110 (2008).
Cizmér, T. & Dholakia, K. Exploiting multimode waveguides for pure fibre-
based imaging. Nat. Commun. 3, 1027 (2012).

Ploschner, M., Tyc, T. & Cizmar, T. Seeing through chaos in multimode fibres.
Nat. Photon. 9, 529-535 (2015).

Xu, X, Liu, H. & Wang, L. V. Time-reversed ultrasonically encoded optical
focusing into scattering media. Nat. Photon. 5, 154 (2011).

Carpenter, ., Eggleton, B. J. & Schréder, J. Observation of
Eisenbud-Wigner-Smith states as principal modes in multimode fibre. Nat.
Photon. 9, 751-757 (2015).

Xiong, W., Hsu, C. W. & Cao, H. Long-range spatio-temporal correlations in
multimode fibers for pulse delivery. Nat. Commun. 10, 2973 (2019).

Xiong, W. et al. Spatiotemporal control of light transmission through a
multimode fiber with strong mode coupling. Phys. Rev. Lett. 117, 53901
(2016).

Mounaix, M. & Carpenter, ]J. Control of the temporal and polarization
response of a multimode fiber. Nat. Commun. 10, 5085 (2019).

Aulbach, J., Gjonaj, B., Johnson, P. M., Mosk, A. P. & Lagendijk, A. Control of
light transmission through opaque scattering media in space and time. Phys.
Rev. Lett. 106, 103901 (2011).

McCabe, D. J. Spatio-temporal focusing of an ultrafast pulse through a
multiply scattering medium. Nat. Commun. 2, 447 (2011).

Katz, O., Small, E., Bromberg, Y. & Silberberg, Y. Focusing and compression
of ultrashort pulses through scattering media. Nat. Photon. 5, 372-377 (2011).
Andreoli, D. et al. Deterministic control of broadband light through a multiply
scattering medium via the multispectral transmission matrix. Sci. Rep. 5,
10347 (2015).

Mounaix, M. et al. Spatiotemporal coherent control of light through a multiple
scattering medium with the multispectral transmission matrix. Phys. Rev. Lett.
116, 253901 (2016).

Mounaix, M., de Aguiar, H. B. & Gigan, S. Temporal recompression through a
scattering medium via a broadband transmission matrix. Optica 4, 1289-1292
(2017).

Morales-Delgado, E. E., Farahi, S., Papadopoulos, I. N., Psaltis, D. & Moser, C.
Delivery of focused short pulses through a multimode fiber. Opt. Express 23,
9109-9120 (2015).

Liu, B. & Weiner, A. M. Space-time focusing in a highly multimode fiber via
optical pulse shaping. Opt. Lett. 43, 4675-4678 (2018).

Sun, B. et al. Four-dimensional light shaping: manipulating ultrafast
spatiotemporal foci in space and time. Light Sci. Appl. 7, 17117 (2018).
Hernandez, O. et al. Three-dimensional spatiotemporal focusing of
holographic patterns. Nat. Commun. 7, 11928 (2016).

Weiner, A. M. Femtosecond pulse shaping using spatial light modulators. Rev.
Sci. Instrum. 71, 1929-1960 (2000).

Schréder, J. et al. An optical FPGA: reconfigurable simultaneous multi-output
spectral pulse-shaping for linear optical processing. Opt. Express 21, 690-697
(2013).

Morizur, J.-F. et al. Programmable unitary spatial mode manipulation. J. Opt.
Soc. Am. A 27, 2524-2531 (2010).

Fontaine, N. K. et al. Laguerre-Gaussian mode sorter. Nat. Commun. 10, 1865
(2019).

Fontaine, N. K. et al. Packaged 45-mode multiplexers for a 50 um graded
index fiber. In 2018 European Conference on Optical Communication (ECOC)
1-3 https://doi.org/10.1109/ECOC.2018.8535302 (2018).

Brixner, T. & Gerber, G. Femtosecond polarization pulse shaping. Opt. Lett.
26, 557-559 (2001).

Miao, H., Weiner, A. M., Mirkin, L. & Miller, P. J. Broadband all-order
polarization mode dispersion compensation via wavelength-by-wavelength
Jones matrix correction. Opt. Lett. 32, 2360-2362 (2007).

Fontaine, N. K,, Ryf, R., Chen, H., Neilson, D. T. & Carpenter, J. Design of
High Order Mode-Multiplexers using Multiplane Light Conversion. In
European Conference on Optical Communication (ECOC) Tu.1.F.4 https://doi.
org/10.1109/ECOC.2017.8346129 (2017).

Sillard, P. et al. 50 um multimode fibers for mode division multiplexing. J.
Light. Technol. 34, 1672-1677 (2016).

Saari, P., Kaarli, R. & Rebane, A. Picosecond time- and space-domain holography
by photochemical hole burning. J. Opt. Soc. Am. B 3, 527-534 (1986).

6 | (2020)11:5813 | https://doi.org/10.1038/s41467-020-19601-3 | www.nature.com/naturecommunications


https://doi.org/10.1109/ECOC.2018.8535302
https://doi.org/10.1109/ECOC.2017.8346129
https://doi.org/10.1109/ECOC.2017.8346129
www.nature.com/naturecommunications

ARTICLE

46. Dennis, M. R, King, R. P., Jack, B., O’Holleran, K. & Padgett, M. J. Isolated
optical vortex knots. Nat. Phys. 6, 118 (2010).

47. Larocque, H. et al. Reconstructing the topology of optical polarization knots.
Nat. Phys. 14, 1079-1082 (2018).

48. Froula, D. H. et al. Spatiotemporal control of laser intensity. Nat. Photon. 12,
262-265 (2018).

49. Horton, N. G. et al. In vivo three-photon microscopy of subcortical structures
within an intact mouse brain. Nat. Photon. 7, 205-209 (2013).

50. Bergner, K. et al. Spatio-temporal analysis of glass volume processing using
ultrashort laser pulses. Appl. Opt. 57, 4618-4632 (2018).

51. Defienne, H., Barbieri, M., Walmsley, I. A., Smith, B. J. & Gigan, S. Two-
photon quantum walk in a multimode fiber. Sci. Adv. 2, e1501054 (2016).

52. Barredo, D., Lienhard, V., de Léséleuc, S., Lahaye, T. & Browaeys, A. Synthetic
three-dimensional atomic structures assembled atom by atom. Nature 561,
79-82 (2018).

53. Aeschlimann, M. et al. Spatiotemporal control of nanooptical excitations.
Proc. Natl Acad. Sci. 107, 5329 LP-5325333 (2010).

54. Richardson, D. J., Nilsson, J. & Clarkson, W. A. High power fiber lasers:
current status and future perspectives. J. Opt. Soc. Am. B 27, B63-B92
(2010).

55. Wright, L. G., Christodoulides, D. N. & Wise, F. W. Spatiotemporal mode-
locking in multimode fiber lasers. Science (80-.) 358, 94 LP-97 (2017).

56. Tzang, O., Caravaca-Aguirre, A. M., Wagner, K. & Piestun, R. Adaptive
wavefront shaping for controlling nonlinear multimode interactions in optical
fibres. Nat. Photon. 12, 368-374 (2018).

57. Tegin, U., Kakkava, E., Rahmani, B., Psaltis, D. & Moser, C. Spatiotemporal
self-similar fiber laser. Optica 6, 1412-1415 (2019).

Acknowledgements

We acknowledge the Discovery (DP170101400, DE180100009) programme of the Aus-
tralian Research Council, and the support of NVIDIA Corporation with the donation of
the GPUs used for this research. We acknowledge Martin Ploschner for helpful dis-
cussions and Marcos Maestre Morote for work on the swept-wavelength trigger circuitry.

Author contributions
Experiments performed by M.M. and N.F. with assistance from J.C.A.-V., RR. and H.C.
Optical system designed by N.F., D.N., M.M. and J.C. Spectral pulse shaper section

designed by D.N. and N.F., MPLC by N.F. and ].C., spatiotemporal holograms designed
by M.M., N.F. and J.C. Optical system assembled by N.F. Data analysis by M.M., N.F. and
J.C. Manuscript written by J.C., M.M. and N.F. with input from all authors. J.C. con-
ceived and supervised the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-19601-3.

Correspondence and requests for materials should be addressed to J.C.

Peer review information Nature Communications thanks Andrew Weiner and the other
anonymous reviewers for their contribution to the peer review of this work. Peer reviewer
reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
B

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

| (2020)11:5813 | https://doi.org/10.1038/541467-020-19601-3 | www.nature.com/naturecommunications 7


https://doi.org/10.1038/s41467-020-19601-3
https://doi.org/10.1038/s41467-020-19601-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Time reversed optical waves by arbitrary vector spatiotemporal field generation
	Results
	Experimental setup
	Experimental results

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




