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Abstract
Femtosecond lasers are powerful in studying matter’s ultrafast dynamics within femtosecond to attosecond time
scales. Drawing a three-dimensional (3D) topological map of the optical field of a femtosecond laser pulse including its
spatiotemporal amplitude and phase distributions, allows one to predict and understand the underlying physics of
light interaction with matter, whose spatially resolved transient dielectric function experiences ultrafast evolution.
However, such a task is technically challenging for two reasons: first, one has to capture in single-shot and squeeze the
3D information of an optical field profile into a two-dimensional (2D) detector; second, typical detectors are only
sensitive to intensity or amplitude information rather than phase. Here we have demonstrated compressed optical
field topography (COFT) drawing a 3D map for an ultrafast optical field in single-shot, by combining the coded
aperture snapshot spectral imaging (CASSI) technique with a global 3D phase retrieval procedure. COFT can, in single-
shot, fully characterize the spatiotemporal coupling of a femtosecond laser pulse, and live stream the light-speed
propagation of an air plasma ionization front, unveiling its potential applications in ultrafast sciences.

Introduction
Femtosecond laser pulses excite matters experiencing

ultrafast evolution within femtoseconds to attoseconds1,2,
having broad applications such as laser manufacturing,
particle acceleration, and novel coherent X-ray sources3.
The ultrafast evolution dynamics is complicated and
influenced by the spatiotemporal optical field distribution
of the femtosecond laser pulse, which is supposed to be
completely characterized4. Complete characterization of a
femtosecond laser pulse with a topographic “map” of the
optical field enables one to understand and control
ultrafast phenomena. Such a topographic map should
satisfy three criteria. First, the optical field map is drawn
in single-shot for ultrafast events unrepeatable or with
significant shot-to-shot variations. Second, the map
resolves the three-dimensional (3D) spatiotemporal

profile of an optical field, i.e. two dimensions in transverse
spatial directions and one dimension in the longitudinal
temporal direction. Finally, the optical field map includes
complete amplitude and phase information.
Capturing 3D optical field information with a two-

dimensional (2D) sensor in single-shot is challenging. A
quasi-3D solution is to sample a finite number of discrete
2D spectral or temporal “slices” of the 3D ultrafast scenes,
such as imaging with chirped multispectral compo-
nents5–7 or at a few specific time delays8,9. However, the
multi-slice stack of 2D images cannot resolve complicated
3D spatiotemporal structures of an ultrafast optical field
with intense amplitude or phase modulations.
Alternatively, the compressed sensing principle solves

the dimensionality problem by seeking a sparse domain of
an optical scene and compressing the 3D profile into the
2D detector domain10,11. Coded aperture snapshot spec-
tral imaging (CASSI) can measure the 3D spectral
intensity profile E x; y;ωð Þj j2 of an optical field in single-
shot12, by spatially modulating the intensity profile with a
randomly patterned binary coded aperture, and shearing
frequency-dependent intensity profiles on the 2D detector
with an angular dispersive optics such as a prism.
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Compressive sensing based algorithms are applied to
reconstruct 3D spectral intensity profile E x; y;ωð Þj j2 from
a 2D image captured by the detector in a single shot
(details in Methods)13. Based on a similar principle,
compressed ultrafast photography (CUP)14,15 visualizes a
3D spatiotemporal intensity profile of an ultrafast optical
field by replacing the angular dispersive optics with an
ultrafast streak camera. Compressed ultrafast spectral-
temporal photography (CUSTP)16,17 also provides an
ultrafast frame rate using a chirped pulse with a linear
frequency-time mapping relation. Generally, compressed
sensing based ultrafast photographic techniques draw a
3D “intensity” map of an optical “field”, leaving phase
information unresolved.
Now the 3D phase profile is still in need for a complete

topographic map of an optical field, requiring a single-
shot global 3D phase retrieval procedure. Transverse 2D
spatial phase retrieval recovers the wavefront of an optical
field and constructs the foundation of coherent diffractive
imaging18–20, even with broadband coherent light sour-
ces21. However, the spectral phase linking different
spectral components of the ultrafast optical field is absent.
Multiple ultrafast pulse measurement techniques such as
frequency-resolved optical gating (FROG) can measure
spectral phase in single-shot22, however, it assumes uni-
form transverse spatial distribution23,24. Spectral inter-
ferometry or holography using an imaging spectrometer
can also measure spectral phase and ultrafast dynamics in
single-shot25–28, however, the spectrometer slit excludes
information along the transverse direction perpendicular
to it. 3D phase profile measurement has been achieved by
CUP complemented with a dark-field imaging scheme29,
which converts the 3D phase profile to intensity but loses
the amplitude and absolute phase value information.
Here we demonstrate compressed optical field topo-

graphy (COFT) to draw a 3D topographic “map” for an
arbitrary ultrafast optical field in single-shot. Based on
CASSI, COFT solves the problem of 3D information
capture. Two global 3D phase retrieval procedures are
proposed, one is based on wavefront recovery and non-
collinear FROG, and the other is based on 3D spectral
holography. Both implementations succeed in visualizing
the optical field of femtosecond laser pulses with spatio-
temporal coupling, and the former one is applied to study
the light-speed propagation of a plasma channel ioniza-
tion front, illustrating the versatility of COFT.

Results
COFT based on wavefront recovery and non-collinear
FROG
The COFT system based on wavefront recovery and

non-collinear FROG is shown in Fig. 1a. An arbitrary
ultrafast optical field originating from the checking point
(CP) is split by a beam splitter (BS1). The reflected beam

enters a non-collinear FROG for spectral phase mea-
surement, which will be discussed later. The transmitted
part is split by another beam splitter (BS2). On the
transmission near-field path (labeled by a blue arrow), a
lens L1 images CP to the coded aperture of a CASSI
system, and the optical field’s spectral-spatial amplitude
profile at the coded aperture is equivalent to Eω x; yð Þj j
with a magnification determined by L1. On the reflection
far-field path (labeled by a green arrow), the lens L2
located after CP by its focal length takes a Fourier
transform of the spatial profile of the optical field30,
yielding the far-field amplitude profile Eω kx; ky

� ��� �� which
is relayed to the coded aperture by the lens L3. The 3D
hyperspectral amplitude profiles of the optical field at
near- and far-fields are spatially separated and simulta-
neously measured by a CASSI system [Fig. 1a inset],
including the coded aperture (a chromium-coated fused
silica plate with a pseudo-random binary pattern), a lens
L4 imaging the coded aperture to the detector, a prism
introducing spectral shearing, and a charge coupled
device (CCD) camera as the 2D detector. The 3D hyper-
spectral near- and far-field amplitude profiles Eω x; yð Þj j
and Eω kx; ky

� ��� �� are reconstructed based on the CASSI
principle, using the plug-and-play alternating direction
method of multipliers (PnP-ADMM) technique (see
Methods and Supplementary Materials)31. Figure 1b
shows the reconstructed near- and far-field intensity
profiles of the optical field for selected wavelengths and
corresponding spectral components.
Global 3D phase retrieval of the optical field takes two

steps. The first step recovers 2D spatial phase profiles or
wavefronts for all independent frequency components

φ ωð Þ
Spatial x; yð Þ and the second step measures the spectral

phase φ x0;y0ð Þ
Spectral ωð Þ of the optical field at a specific spatial

position (x0, y0), where φðωÞ
Spatial x0; y0ð Þ is set to be zero.

Thus, the 3D phase profile is

φ x; y;ωð Þ ¼ φ ωð Þ
Spatial x; yð Þ þ φ x0;y0ð Þ

Spectral ωð Þ ð1Þ

By applying the Gerchberg-Saxton phase retrieval

algorithm32 on reconstructed amplitude profiles of

Eω x; yð Þj j and Eω kx; ky
� ��� �� at the near- and far-fields

respectively, one can complete the first step of phase

retrieval, obtaining spatial phase profiles φ ωð Þ
Spatial x; yð Þ for

all independent frequency components [Fig. 1c].

The spectral phase φ x0;y0ð Þ
Spectral ωð Þ is measured by a non-

collinear FROG, in which two copies of the incident laser
pulse cross each other at a thin BBO crystal plate and
generate transversely distributed sum-frequency signal in
single-shot [Fig. 1d]. Conventionally a non-collinear
FROG measures spectral phase in single-shot based on
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the assumption of uniform transverse spatial distribution,
COFT does not rely on this assumption and takes

advantage of complete information about optical field

spatial profiles Eω x; yð Þ ¼ Eω x; yð Þj j exp iφ ωð Þ
Spatial x; yð Þ

h i
for

all frequency components. So instead of using a standard

complex projection FROG phase retrieval algorithm22, an

evolutionary algorithm is developed to reconstruct the

one-dimensional spectral phase φ x0;y0ð Þ
Spectral ωð Þ from the

measured FROG trace (see Supplementary Materials)33.

Once φ ωð Þ
Spatial x; yð Þ and φ x0;y0ð Þ

Spectral ωð Þ are both reconstructed,

the global 3D phase profile φ x; y;ωð Þ is obtained [Eq. (1)],

and one-dimensional Fourier transformation of

E x; y;ωð Þ ¼ Eω x; yð Þj jeiφ x;y;ωð Þ yields the spatiotemporal

profile of the optical field E x; y; tð Þ.
We first use COFT to measure the optical field of a

femtosecond laser pulse. As large-scale petawatt femto-
second laser facilities are constructed worldwide34,
advanced single-shot characterization techniques are
required35 to resolve spatiotemporal coupling (STC)36 at a
low repetition rate. Previously, multi-shot techniques

scanning spatial positions37 or temporal delays38–40 can
measure the optical field of femtosecond laser pulses with
negligible pulse-to-pulse variations. Single-shot techni-
ques “multi-spectrally” measure spatial profiles of an
optical field in a few wavelength channels5,6,41. However,
as far as we know, drawing a real 3D map in a single shot
(not a series of 2D slices) for the optical field of a fem-
tosecond laser pulse is still challenging.
In our prototype experiments, we first measured the

3D optical field profile of laser pulses from a 1 kHz
femtosecond laser amplifier (central wavelength 800 nm,
pulse duration 40 fs, pulse energy up to 5 mJ). The
single-shot measurement is achieved by synchronizing
the CCD camera of the CASSI system with the master-
clock of the laser system with a reduced trigger fre-
quency, and controlling the camera exposure time to
guarantee that only a single shot is captured in one
measurement. As shown in Fig. 2a, the optical field
distribution shows a clipped transverse spatial beam
profile, with a spatial resolution estimated to be 50 μm
determined by the coded aperture pixel size and mag-
nification of the system. The clear edge corresponds to a
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Fig. 1 Principle of COFT based on wavefront recovery and non-collinear FROG. a The experimental setup. An arbitrary optical field at CP, the

checking point, is split by beam splitters (BS1, BS2) into three copies: the first copy goes to the Non-Collinear FROG for spectral phase φ x0 ;y0ð Þ
Spectral ωð Þ

measurement; the second one is imaged by a lens L1 to the coded aperture; and the third one is focused by L2 to a far-field which is imaged to the
coded aperture by L3. The last two copies are spatially off-set and captured by a CASSI system including the coded aperture, a lens L4, a prism, and a
camera. Raw data is shown in the inset. b CASSI reconstruction results for the second copy corresponding to the near field intensity distribution

Eω x; yð Þj j2 (the top row) and the third one corresponding to the far-field intensity distribution Eω kx ; ky
� ��� ��2 (the bottom row), for three wavelengths

at 780 nm (left), 800 nm (middle), 820 nm (right). c Wavefronts [2D spatial phase distributions φ ωð Þ
Spatial x; yð Þ] for three spectral components with the

wavelength of 780 nm (left), 800 nm (middle), 820 nm (right), which are retrieved based on corresponding near- and far-field intensity profiles shown

in b. d Spectral phase φ x0 ;y0ð Þ
SpectralðωÞ reconstructed from the non-collinear FROG trace, with the assistance of 2D optical field information of each spectral

component. The inset schematically shows the principle of non-collinear FROG: two copies of the incident pulse cross each other at a thin nonlinear
BBO crystal, and they have a linearly varying temporal delay along the transverse direction, generating transversely distributed sum frequency signal
or the FROG trace
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3 mm-diameter hard aperture placed at CP. Along the
longitudinal temporal dimension, the pulse duration is
40 fs [Fig. 2b], and the temporal grid size 3.9 fs deter-
mines the temporal resolution, equivalent to an imaging
frame rate of 256 trillion frames per second. It is also
notable that the optical field distribution of the laser
pulse is spatially inhomogeneous (the leading edge of the
pulse is located in the area of y < 0 and the trailing edge
of the pulse in the area of y > 0), justifying the necessity
of single-shot 3D optical field visualization.
We have further challenged the COFT technique by

intentionally introducing complicated spatiotemporal
coupling to the incident laser pulse. A dispersion prism
(PS856, Thorlabs) is placed at CP and introduces angular
dispersion along the x-direction to the laser pulse,
leading to a tilted pulse amplitude front (pulse-front tilt
~186 fs/mm) but a flat wave phase front according to the
theory42. Figure 2c has successfully corroborated the
theoretical prediction. The projection of the optical field
on the x-t plane shows a clear linear tilting with a
measured pulse-front tilt of 178 fs/mm, whereas all
phase contours are flat and parallel to the transverse x-y
plane. The temporal profile of the reconstructed optical
field at x= 0 and y= 0 is lined out [Fig. 2d], the pulse
duration is 42 fs, close to the undispersed pulse duration.
This observation is consistent with the theory that pure
angular dispersion without further propagation does not
broaden local pulse duration.

Thus COFT is potentially able to characterize com-
plicated femtosecond laser pulses for different applica-
tions. For example, one can expect the application of
COFT to single-shot measurement of the spatio-
temporal optical field profile of a low-repetition rate,
large-aperture petawatt laser pulse, if an appropriate
optical system is designed and pre-calibrated to shrink
the beam size. COFT can also in principle be able to
characterize more complicated optical field such as an
optical vortex by measuring the 3D spectral hologram
due to interference between the optical vortex pulse and
a reference pulse which has no optical angular
momentum and is well calibrated by COFT. In addition,
the optical setup of COFT is not more complicated than
other standard pulse characterization techniques,
requiring neither optical elements sensitive to mechan-
ical vibrations and misalignment nor moving parts. So
COFT is robust and the measurement error due to
misalignment is negligible.
COFT can characterize not only a laser pulse but also a

modulated probe pulse in a pump-probe experiment, in
which the 3D dielectric function profile of the pump
excited matter is encoded in the 3D optical field profile of
the probe. Compared to CUP and CUSTP which are
applied in pump-probe experiments for intensity or
amplitude modulation information of the probe, the phase
measurement capability of COFT enables ultrafast pho-
tography of evolving refractive index structures.
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Fig. 2 3D topographic maps of femtosecond laser pulses measured by COFT based on wavefront retrieval and non-collinear FROG.
a Spatiotemporal distribution of the electric field of a femtosecond laser pulse from a kilohertz, millijoule femtosecond laser amplifier. b Temporal
profile of the electric field (blue lines) at the central point x; yð Þ ¼ 0; 0ð Þ of the laser pulse in a, and the red dashed line shows the amplitude
envelope. c Similar to a, but for spatiotemporal electric field distribution of a femtosecond laser pulse with spatiotemporal coupling, which is induced
by propagating the laser pulse in a glass prism at CP. To avoid too fast oscillations of the field and get a clear visualization, the carrier wave frequency
in c has been numerically reduced by 10 times. d Similar to b, but for the temporal profile of the electric field at the central point in c. To clearly show
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To prove the idea, we have visualized the optical field
of a laser pulse transversely probing an air plasma ioni-
zation front excited by an intense pump laser pulse
[Fig. 3a]. The pump laser pulse (pulse energy ~1 mJ,
pulse duration ~40 fs) is focused into a 75-µm diameter
focal spot by a 250-mm-focal length lens, reaching a
peak intensity of 6.5 × 1014W/cm2, generating light-
speed ionization front leading a plasma channel and co-
propagating with the pump pulse. A probe laser pulse
propagates transversely through the plasma channel and
is modulated primarily in phase by the refractive index
changes of the plasma channel. By setting the crossing of
the pump and probe beams as CP, the map of the linearly
chirped probe pulse is drawn by the COFT system with
and without the pump pulse, yielding a time-resolved
phase shift profile Δφ x; y; tð Þ.
Figure 3b shows the time-resolved phase map induced

by the pump pulse, with the ionization front propagating
towards the positive x-direction. The ionization front
locates at x= 52 μm at t= 0 fs and moves to x= 137 μm
and 215 μm when t= 285 and 579 fs respectively. A linear

fitting between the ionization front position and propa-
gation time shows a fixed propagation speed of
(2.9 ± 0.3) × 108 m/s, consistent with light speed [Fig. 3c].
The absolute phase shift values in Fig. 3b reveal plasma
density. By assuming a cylindrically symmetric plasma
spatial profile and applying a standard Abel inversion
scheme, the maximum free electron density in the ~80 μm
thick plasma channel is estimated to be 4.2 × 1018 cm−3

[Fig. 3d], consistent with previous experimental results43.
We have also obtained amplitude modulation information
of the probe, however it is small because the underdense
air plasma has little absorption to the probe pulse. It is
believed that COFT can also visualize evolution dynamics
of, for example, plasma wakes in a laser wakefield accel-
erator44, but compared to previous techniques45–48, such
visualization is single-shot and suitable to experiments
with significant shot-to-shot variations.

COFT based on 3D spectral holography
The global 3D phase retrieval can also be realized

based on 3D spectral holography. Figure 4a shows the
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schematic diagram of a COFT system based on 3D
spectral holographic phase retrieval. An incident laser
field at CP is pre-chirped by an SF11 glass rod (GR1) and
split by a beam splitter BS1. After rotating the polar-
ization by 90° by a half wave plate (HWP), the trans-
mitted intense “gating” beam is focused by a lens L1 to a
thin glass plate as a nonlinear Kerr medium, introducing
nonlinear refractive index changes proportional to the
far-field intensity profile E kx; ky; t

� ��� ��2. The reflected
beam from BS1 is further chirped by another SF11 glass
rod (GR2), and two weak, equivalent, collinearly pro-
pagating pulses with a fixed time delay τ are generated

by a Mach-Zehnder interferometer (MZI). The leading
and trailing ones of the pulse pair are named “reference”
and “signal” respectively, and a lens L2 images them
from CP to the Kerr medium. Thus the spectral intensity
profile of the reference pulse at the Kerr medium is
E x; y;ωð Þj j2. The signal pulse temporally overlaps with
the gating pulse at the Kerr medium, and picks up the
gating-induced 3D phase shift through cross phase
modulation. After filtering out the gating pulse by a
cubic polarizer (PBS), the reference and the modulated
signal pulses are relay imaged by L3 to the coded
aperture of a CASSI system.
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Fig. 4 Principle of COFT based on 3D spectral holography. a The experimental setup. The incident optical field at CP, the checking point, is pre-
chirped by an SF11 glass rod (GR1) and split by beam splitter BS1. The transmitted gating pulse is focused by the lens L1 to a thin glass plate as the
Kerr medium. The reflected pulse is further chirped by an SF11 glass rod (GR2) and manipulated by a Mach-Zehnder interferometer (MZI) to generate
a time-delayed reference-signal pulse pair. The reference-signal pulses are imaged by lens L2 to the Kerr medium, and the signal pulse picks up phase
shift induced by the gating in the Kerr medium. After the cross-polarized gating pulse is filtered out by a polarization beam splitter (PBS), the
remaining reference and signal pulses interfere and generate a 3D spectral hologram, which is imaged by lens L3 to the coded aperture of a CASSI
system. Raw data is shown in the inset. b CASSI reconstruction of the 3D spectral hologram S x; y;ωð Þ due to interference between the reference and

the modulated signal probe. c The E kx ; ky ; t
� ��� ��2 and E x; y;ωð Þj j2 3D intensity profiles of the incident optical field. The former is predominantly

obtained from the phase shift θ x; y;ωð Þ coded in the 3D spectral hologram. E x; y;ωð Þj j2 and θ x; y;ωð Þ are reconstructed from the 3D spectral
hologram S x; y;ωð Þ through the standard interference fringe analysis procedure
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In the CASSI system, the reference-signal interference
introduces a 3D spectral hologram

S x; y;ωð Þ ¼ E x; y;ωð Þj j2 þ E1 x; y;ωð Þj j2
þ 2 E x; y;ωð ÞE1 x; y;ωð Þj j cos θ x; y;ωð Þ þ ωτ½ �

ð2Þ
where E1 x; y;ωð Þ and θ x; y;ωð Þ are amplitude and phase
modulation of the signal pulse due to the intense gating
pulse at the Kerr medium, respectively. The 3D hologram
is spatially coded, sheared by the prism, captured in
single-shot by the camera, and finally reconstructed using
the PnP-ADMM algorithm for CASSI reconstruction
[Fig. 4b]. An interference fringes analysis scheme can
resolve the reference hyperspectral intensity profile
E x; y;ωð Þj j2 [Fig. 4c, right panel] and the 3D phase shift
profile θ x; y;ωð Þ of the signal pulse49.
We next link the phase shift θ x; y;ωð Þ of the signal

pulse with the intensity profile of the gating pulse at far
field E kx; ky; t

� ��� ��2. For the transverse spatial directions,
the transverse position x or y is proportional to the
corresponding transverse component of the incident
optical field wave vector kx or ky, by x ¼ akx; y ¼ aky
where a ¼ λFL1=2π and FL1 is the focal length of lens L1.

For the longitudinal temporal direction, the signal pulse
is chirped by GR1 and GR2, so the temporal delay t
relative to the signal pulse and the modulated frequency
component ω have a linear time-frequency mapping
relation ω ¼ t=b26, where b is the chirp rate of the signal
pulse and can be determined self-consistently using the
dispersion properties of GR1 and GR2 (details in Sup-
plementary Materials). In addition, Ref. 26. has
explained that the linear time-frequency mapping pro-
cedure is available only when the temporal duration of
the phase shift profile or the gating pulse is longer than
a temporal resolution determined by the bandwidth
and the chirp of the signal pulse, so the gating pulse is
pre-chirped by GR1. After determining the parameter a
and the chirp rate b, the 3D phase shift profile of the
signal pulse θ x; y;ωð Þ ¼ θ x ¼ akx; y ¼ aky;ω ¼ t=b

� �
is

expressed in the kx; ky; t
� �

domain, yielding the nor-
malized far-field intensity profile of the gating pulse
E kx; ky; t
� ��� ��2 [Fig. 4c, left panel]. Considering that

x; y;ωð Þ and kx; ky; t
� �

are Fourier-conjugate variables,
the 3D spectral phase of the incident optical field
φ x; y;ωð Þ and the 3D optical field distribution are
obtained from intensity profiles E kx; ky; t

� ��� ��2 and
E x; y;ωð Þj j2 through a 3D phase retrieval scheme based
on the Gerchberg-Saxton algorithm32.
Figure 5a shows the 3D optical field profile of a laser

pulse using the COFT system based on 3D spectral
holography, compared to the results in Fig. 2a. Despite the
difference in implementing 3D phase retrieval, both
measurements show that the optical field of laser pulses
from our laser amplifier has a similar spatiotemporally
coupled distribution that the leading edge is at the region
of y < 0 and the trailing edge at the region of y > 0. The
measured pulse front tilting along the y-direction in
Fig. 5a is +14.7 fs/mm, close to that of +16.5 fs/mm in
Fig. 2a. In addition, a lineout of the optical field at the
center of the beam in Fig. 5a gives a pulse duration of
41 fs [Fig. 5b], also close to that of 40 fs in Fig. 2b. Con-
sidering that the small pulse front tiltings intrinsic to the
laser system are quantitatively measured both in Figs. 2a,
b and 5 using different COFT implementations, the
consistencies in results justify the robustness and
repeatability of both COFT implementations.

Discussion
We have demonstrated two implementations of the

COFT technique to draw a single-shot topographic map
of an ultrafast optical field. Both implementations
involve combinations of CASSI and 3D phase retrieval,
and take advantage of a transient nonlinear optical
process as the “temporal gating function” to measure the
spectral phase and the temporal profile of the pulse. For
the first COFT implementation based on wavefront
recovery and non-collinear FROG, the nonlinear optical
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Fig. 5 3D topographic maps of femtosecond laser pulses
measured by COFT based on 3D spectral holography.
a Spatiotemporal distribution of the electric field of a femtosecond
laser pulse from the same laser system as Fig. 2. To clearly show the
peaks and valleys of the optical fields, only regions where the absolute
amplitude is higher than 0.4 times the peak absolute amplitude are
shown. b Temporal profile of the electric field (blue lines) at the
central point x; yð Þ ¼ 0; 0ð Þ of the laser pulse in a, and the red dashed
line shows the amplitude envelope
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gating process of sum-frequency generation is efficient
and background-free, but at the price of a relatively
complicated optical setup measuring spatial and spectral
phase profiles separately. For the second COFT imple-
mentation based on 3D spectral holography, the 3D
phase profile is retrieved from the fringe shift of the 3D
spectral hologram, which is induced by the nonlinear
optical gating process of cross phase modulation. This
implementation has a simplified experimental setup, but
the fringe analysis procedure is sensitive to the incident
laser intensity. One can expect other novel 3D phase
retrieval and COFT implementations in future, and we
believe any of them can further promote ultrafast ima-
ging or photography techniques in three aspects.
First, COFT can be applied to draw topographic maps

of optical fields for both pump and probe pulses in a
pump-probe experiment. With complete 3D amplitude
and phase information of the pump obtained in single-
shot, COFT allows one to predict how the pump pulse
with probably a complicated spatiotemporal structure
influences light-matter interaction dynamics in real
experiments. Such predictions can then be verified by
looking up the optical field profile of the modulated
probe pulse for spatially and temporally resolved dielec-
tric function information. For example, during femtose-
cond laser ablation and processing of solid materials, the
pump induced complex dielectric function modulation of
the material introduces both amplitude and phase mod-
ulations on the probe pulse which could be measured in-
situ by COFT, implying COFT of the probe as a potential
laser manufacturing metrology tool.
Second, COFT incorporating 3D phase information has

an imaging frame rate improved by orders of magnitude.
Previous optical compressed imaging techniques have an
imaging frame rate limited to tens of trillions of frames
per second, determined by the temporal resolution of a
streak camera (~100 fs at minimum) for CUP15, and by
the spectral bandwidth and the chirp applied to stretch
the pulse for CUSTP26. COFT is based on hyperspectral
compressed imaging and is supposed to have a similar
temporal resolution to CUSTP. However, once the 3D
phase profile especially the spectral phase is recovered in
COFT, the theoretical limit of temporal resolution for the
pure intensity imaging case is relaxed. For example,
COFT based on wavefront recovery and non-collinear
FROG can resolve spectral phase, and the minimum
temporal resolution is only limited by the geometric
smearing and at the order of sub-femtoseconds22, corre-
sponding to a multi-quadrillion frame rate.
Third, in both implementations of COFT, optical

compressed imaging is combined with a global 3D phase
retrieval procedure. It is well known that iterative phase
retrieval manifests itself in wavefront measurement and
coherent diffractive imaging using short-wavelength

coherent light sources, such as extreme ultraviolet and
x-ray. Thus, it is likely to extend COFT to these novel
short-wavelength spectral ranges if two main problems
could be solved. First, to implement CASSI in this spectral
range, appropriate imaging optics such as toroidal or
Kirkpatrick-Baez mirrors should image the coded aper-
ture to the detector with well pre-calibrated optical
aberrations. Second, to obtain the spectral phase or
temporal profile of a short-wavelength optical field, an
efficient nonlinear optical gating process at extreme
ultraviolet or x-ray spectral range should be investi-
gated50–52. Once both problems are solved, short wave-
length COFT is expected to visualize complete optical
field information for x-ray free electron laser pulses53 and
attosecond light bursts based on high harmonic genera-
tion2, and in turn applied to studies of ultrafast dynamics
within sub-nanometer spatial and attosecond temporal
scales in pump-probe experiments19.

Materials and methods
Principle of coded aperture snapshot spectral imaging
CASSI is to reconstruct a 3D datacube from a 2D

encoded snapshot with the aid of compressed sensing
based algorithms54. A CASSI experiment can be com-
pleted in two steps: data acquisition and image recon-
struction. The process of data acquisition generally
consists of three successive operations. First of all, the
optical field f x; y;ωð Þ is spatially encoded by the pseudo-
random binary mask, which is referred to as spatial
encoding denoted by C. Then, the dispersive prism exerts
spectral shearing (denoted by S) to the optical field in the
horizontal direction. In the end, the signal experiences
spectral integration (denoted by I) on a two-dimensional
array detector such as a charge-coupled device. In this
way, the compact form of the data acquisition can be
expressed as A x; yð Þ ¼ Of x; y;ωð Þ, where O= ISC.
Here, COFT uses the plug-and-play alternating

direction method of multipliers (PnP-ADMM)30 fra-
mework for image reconstruction. The main idea for
this algorithm is that taking the advantage of the mod-
ular structure of ADMM algorithm, a widely used
algorithm for solving constrained optimization pro-
blems, any off-the-shelf image denoising algorithm can
be plugged in to solve a subproblem in ADMM. To solve
the under-sampled inverse problem, the optimization
object is written as

f̂ ¼ argmin
1
2

A�Ofk k22þR fð Þ þ Iþ fð Þ ð3Þ

where �k k2 is the l2 norm. The term 1
2 A�Ofk k22 evaluates

the distance between the measurement and the corre-
sponding value from the estimated results. R �ð Þ is an
implicit regularizer. Iþ �ð Þ represents a non-negative
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intensity constraint, which is a naturally satisfied physical
constraint. PnP-ADMM implements a variable splitting
strategy to obtain the solution, with details for each step
of the algorithm shown in Supplementary materials.
The CASSI measurement system includes one static

pseudo-random binary transmissive mask (a chromium-
coated fused silica plate with 30 μm× 30 μm encoding
pixel’s size), a 150mm-focal-lengths imaging lens (L4), a
dispersive prism (PS850, Thorlabs, with angular disper-
sion of 14.3 nm/mrad@800 nm), and a CCD camera
(HIKROBT, MV-CA023-10UM, 5.86 μm pixel size). In
experiments, the imaging magnification from the coded
mask to the camera is 2, the prism is inserted 20 cm in
front of the camera, and a 2 × 2 pixel binning is imple-
mented on the camera.

Acknowledgements
This work is financially supported by the National Natural Science Foundation
of China (Grant No. 11875140), Science and Technology on Plasma Physics
Laboratory (Grant No. 6142A04200212), Innovation Project of Optics Valley
Laboratory (Grant No. OVL2021ZD001), and Innovation Fund of WNLO.

Author details
1School of Optical and Electronic Information & Wuhan National Laboratory for
Optoelectronics, Huazhong University of Science and Technology, Wuhan,
Hubei, China. 2Centre Énergie Matériaux Télécommunications, Institut National
de la Recherche Scientifique, Université du Québec, Varennes, Québec,
Canada. 3Laser Fusion Research Center, Chinese Academy of Engineering
Physics, Mianyang, Sichuan, China. 4Department of Physics, University of Texas
at Austin, Austin, TX, USA. 5Optics Valley Laboratory, Wuhan, Hubei, China

Author contributions
Z.L. conceived the study. T.M. and H.T. conducted the experiments and
analyzed the data with the help from Y.H. J.L., H.T., X.L. developed the CASSI
reconstruction algorithm. M.D., J.S., Y.Z., P.L. suggested the experimental design
using high power laser systems. All authors contributed to the manuscript.

Conflict of interest
The authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41377-022-00935-0.

Received: 26 February 2022 Revised: 12 July 2022 Accepted: 14 July 2022

References
1. Zewail, A. H. Femtochemistry: atomic-scale dynamics of the chemical bond. J.

Phys. Chem. A 104, 5660–5694 (2000).
2. Krausz, F. & Ivanov, M. Attosecond physics. Rev. Mod. Phys. 81, 163–234 (2009).
3. National Academies of Sciences, Engineering, and Medicine. Opportunities in

Intense Ultrafast Lasers: Reaching for the Brightest Light. (Washington:
National Academies Press, 2018).

4. Trebino, R. et al. Highly reliable measurement of ultrashort laser pulses. J. Appl.
Phys. 128, 171103 (2020).

5. Nakagawa, K. et al. Sequentially timed all-optical mapping photography
(STAMP). Nat. Photonics 8, 695–700 (2014).

6. Grace, E. et al. Single-shot complete spatiotemporal measurement of terawatt
laser pulses. J. Opt. 23, 075505 (2021).

7. Kim, Y. G. et al. Single-shot spatiotemporal characterization of a multi-
PW laser using a multispectral wavefront sensing method. Opt. Express
29, 19506–19514 (2021).

8. Ehn, A. et al. FRAME: femtosecond videography for atomic and molecular
dynamics. Light Sci. Appl. 6, e17045 (2017).

9. Zeng, X. K. et al. High-spatial-resolution ultrafast framing imaging at 15 trillion
frames per second by optical parametric amplification. Adv. Photonics 2,
056002 (2020).

10. Donoho, D. L. Compressed sensing. IEEE Trans. Inf. Theory 52, 1289–1306
(2006).

11. Stern, A. Optical Compressive Imaging. (Boca Raton: CRC Press, 2017).
12. Wagadarikar, A. et al. Single disperser design for coded aperture snapshot

spectral imaging. Appl. Opt. 47, B44–B51 (2008).
13. Yuan, X., Brady, D. J. & Katsaggelos, A. K. Snapshot compressive imaging:

theory, algorithms, and applications. IEEE Signal Process. Mag. 38, 65–88 (2021).
14. Gao, L. et al. Single-shot compressed ultrafast photography at one hundred

billion frames per second. Nature 516, 74–77 (2014).
15. Liang, J. Y., Zhu, L. R. & Wang, L. V. Single-shot real-time femtosecond imaging

of temporal focusing. Light Sci. Appl. 7, 42 (2018).
16. Lu, Y. et al. Compressed ultrafast spectral-temporal photography. Phys. Rev.

Lett. 122, 193904 (2019).
17. Wang, P., Liang, J. & Wang, L. Single-shot ultrafast imaging attaining 70 trillion

frames per second. Nat. Commun. 11, 2091 (2020).
18. Shechtman, Y. et al. Phase retrieval with application to optical imaging: a

contemporary overview. IEEE Signal Process. Mag. 32, 87–109 (2015).
19. Miao, J. W. et al. Beyond crystallography: diffractive imaging using coherent

x-ray light sources. Science 348, 530–535 (2015).
20. Chapman, H. N. et al. Femtosecond diffractive imaging with a soft-X-ray free-

electron laser. Nat. Phys. 2, 839–843 (2006).
21. Huijts, J. et al. Broadband coherent diffractive imaging. Nat. Photonics 14,

618–622 (2020).
22. Trebino, R. Frequency-Resolved Optical Gating: The Measurement of Ultrashort

Laser Pulses. (New York: Springer, 2000).
23. O’Shea, P. et al. Highly simplified device for ultrashort-pulse measurement. Opt.

Lett. 26, 932–934 (2001).
24. Fabris, D. et al. Single-shot implementation of dispersion-scan for the char-

acterization of ultrashort laser pulses. Opt. Express 23, 32803–32808 (2015).
25. Iaconis, C. & Walmsley, I. A. Self-referencing spectral interferometry for mea-

suring ultrashort optical pulses. IEEE J. Quantum Electron. 35, 501–509 (1999).
26. Kim, K. Y., Alexeev, I. & Milchberg, H. M. Single-shot supercontinuum spectral

interferometry. Appl. Phys. Lett. 81, 4124–4126 (2002).
27. Matlis, N. H. et al. Snapshots of laser wakefields. Nat. Phys. 2, 749–753 (2006).
28. Li, Z. Y. et al. Single-shot tomographic movies of evolving light-velocity

objects. Nat. Commun. 5, 3085 (2014).
29. Kim, T. et al. Picosecond-resolution phase-sensitive imaging of transparent

objects in a single shot. Sci. Adv. 6, eaay6200 (2020).
30. Steward, E. G. Fourier Optics: An Introduction (Second Edition) (Courier Cor-

poration, 2004).
31. Chan, S. H., Wang, X. R. & Elgendy, O. A. Plug-and-play ADMM for image

restoration: fixed-point convergence and applications. IEEE Trans. Computa-
tional Imaging 3, 84–98 (2017).

32. Fienup, J. R. Reconstruction of an object from the modulus of its Fourier
transform. Opt. Lett. 3, 27–29 (1978).

33. Das, S. & Suganthan, P. N. Differential evolution: a survey of the state-of-the-art.
IEEE Trans. Evolut. Comput. 15, 4–31 (2011).

34. Mourou, G. Nobel lecture: extreme light physics and application. Rev. Mod.
Phys. 91, 030501 (2019).

35. Jolly, S. W., Gobert, O. & Quéré, F. Spatio-temporal characterization of ultrashort
laser beams: a tutorial. J. Opt. 22, 103501 (2020).

36. Akturk, S. et al. Spatio-temporal couplings in ultrashort laser pulses. J. Opt. 12,
093001 (2010).

37. Bowlan, P., Gabolde, P. & Trebino, R. Directly measuring the spatio-temporal
electric field of focusing ultrashort pulses. Opt. Express 15, 10219–10230 (2007).

38. Pariente, G. et al. Space–time characterization of ultra-intense femtosecond
laser beams. Nat. Photonics 10, 547–553 (2016).

39. Borot, A. & Quéré, F. Spatio-spectral metrology at focus of ultrashort lasers: a
phase-retrieval approach. Opt. Express 26, 26444–26461 (2018).

40. Bragheri, F. et al. Complete retrieval of the field of ultrashort optical pulses
using the angle-frequency spectrum. Opt. Lett. 33, 2952–2954 (2008).

41. Cousin, S. L. et al. Three-dimensional spatiotemporal pulse characterization
with an acousto-optic pulse shaper and a Hartmann–Shack wavefront sensor.
Opt. Lett. 37, 3291–3293 (2012).

42. Pretzler, G., Kasper, A. & Witte, K. J. Angular chirp and tilted light pulses in CPA
lasers. Appl. Phys. B 70, 1–9 (2000).

Tang et al. Light: Science & Applications          (2022) 11:244 Page 9 of 10

https://doi.org/10.1038/s41377-022-00935-0


43. Théberge, F. et al. Plasma density inside a femtosecond laser filament in air:
strong dependence on external focusing. Phys. Rev. E 74, 036406 (2006).

44. Esarey, E., Schroeder, C. B. & Leemans, W. P. Physics of laser-driven plasma-
based electron accelerators. Rev. Mod. Phys. 81, 1229–1285 (2009).

45. Downer, M. C. et al. Diagnostics for plasma-based electron accelerators. Rev.
Mod. Phys. 90, 035002 (2018).

46. Buck, A. et al. Real-time observation of laser-driven electron acceleration. Nat.
Phys. 7, 543–548 (2011).

47. Sävert, A. et al. Direct observation of the injection dynamics of a laser
wakefield accelerator using few-femtosecond shadowgraphy. Phys. Rev. Lett.
115, 055002 (2015).

48. Gilljohann, M. F. et al. Direct observation of plasma waves and dynamics
induced by laser-accelerated electron beams. Phys. Rev. X 9, 011046 (2019).

49. Macy, W. W. Two-dimensional fringe-pattern analysis. Appl. Opt. 22, 3898–3901
(1983).

50. Ko, D. H. et al. Near-field imaging of dipole emission modulated by an optical
grating. Optica 8, 1632–1637 (2021).

51. Schultze, M. et al. Controlling dielectrics with the electric field of light. Nature
493, 75–78 (2013).

52. Schultze, M. et al. Attosecond band-gap dynamics in silicon. Science 346,
1348–1352 (2014).

53. Emma, P. et al. First lasing and operation of an ångstrom-wavelength free-
electron laser. Nat. Photonics 4, 641–647 (2010).

54. Figueiredo, M. A. T., Nowak, R. D. & Wright, S. J. Gradient projection for sparse
reconstruction: application to compressed sensing and other inverse pro-
blems. IEEE J. Sel. Top. Signal Process. 1, 586–597 (2007).

Tang et al. Light: Science & Applications          (2022) 11:244 Page 10 of 10


	Single-shot compressed optical field topography
	Introduction
	Results
	COFT based on wavefront recovery and non-collinear FROG
	COFT based on 3D spectral holography

	Discussion
	Materials and methods
	Principle of coded aperture snapshot spectral imaging

	Acknowledgements




