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Compressed ultrafast photography (CUP) has the highest imaging speed and sequence depth in cap-
turing ultrafast nonrepeatable or unstable dynamic events with snapshots. However, due to the Coulomb
interaction of electrons in a streak camera, it is difficult for the imaging speed of CUP to break the speed
limit of 1012 frames/s. Here, we propose a molecular-alignment-assisted CUP (MACUP) scheme by intro-
ducing a gas-phase temporal-spatial converter with all-optical deflection imaging into conventional CUP.
Based on our simulation of a carbon dioxide molecular deflector, combined with point-spread restrictions
in imaging, MACUP is able to achieve an imaging speed beyond 180 × 1012 frames/s and a sequence
depth of about 300 frames in a single exposure. To demonstrate the feasibility of MACUP, we simu-
late the spatiotemporal intensity measurement of a chirped femtosecond laser pulse and study the image
reconstruction accuracy in the intensity and wavelength evolutions. These results show that MACUP is
a promising single-shot ultrafast optical imaging strategy to unravel unprecedented dynamics in ultrafast
atomic and molecular optics.
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I. INTRODUCTION

Single-shot ultrafast optical imaging (UOI) can acquire
three-dimensional [i.e., (x, y, t)] information in nonre-
peatable or difficult-to-repeat ultrafast dynamic events. To
achieve this goal, the imaging speed of single-shot UOI
has spanned from billions to trillions of frames per sec-
ond, which is more than 5 orders of magnitude higher than
that of state-of-the-art charge-coupled devices (CCDs)
or complementary metal oxide semiconductor (CMOS)
detectors. Therefore, single-shot UOI has attracted tremen-
dous interest in the community of ultrafast imaging.
Thus far, a few single-shot UOI methods with imaging
speeds of more than 1012 frames/s have been proposed,
including sequentially timed all-optical mapping photog-
raphy [1], femtosecond time-resolved optical polarogra-
phy [2,3], single-shot frequency-domain tomography [4],
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a frequency-recognition algorithm for multiple-exposure
imaging [5], the multiple noncollinear optical parametric
amplifier method [6], and compressed ultrafast photogra-
phy (CUP) [7–9].

In general, snapshots of the dynamic scene at different
time delays cannot be spatially overlapped in a specific
domain. Otherwise, the original scene can barely be recov-
ered correctly. However, CUP creatively synergizes the
streak camera technique with compressive sensing (CS) to
overcome this obstacle [10–12]. To date, it has achieved
world-record imaging speeds of 10 and 70 × 1012 frames/s
and sequence depths (i.e., the number of frames in one
acquisition) of 350 and even over 1000 in passive and
active modes, respectively [13]. Due to its outstanding
performance and strong expansibility, CUP has attracted
considerable attention from scientists, who have proposed
a variety of variants that empower this modality, such as
compressed ultrafast spectral-temporal photography [14],
compressed optical-streaking ultrahigh-speed photography
[15], and compressed ultrafast electron diffraction [16]
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and microscopy [17]. However, as the most important
element in conventional CUP, the streak camera is lim-
ited by Coulomb repulsion between photoelectrons flying
with ultrahigh speeds in operation, which prevents it from
achieving a temporal resolution smaller than 100 fs, even
if the dynamic range is greatly sacrificed. To date, there
still lacks a single-shot UOI approach to achieve an imag-
ing speed beyond 100 × 1012 frames/s, which prevents
direct observation of many transient events lasting a few
hundred femtoseconds, such as the build-up process in a
mode-locked ultrashort laser [18,19], femtosecond laser-
induced optical phonons in condensed matters [20], and
bond breaking in chemical reactions [21].

Here, we demonstrate an alternative scheme of
molecular-alignment-assisted CUP (MACUP) by intro-
ducing a gas-phase temporal-spatial converter with all-
optical deflection imaging into conventional CUP. We
choose carbon dioxide (CO2) as the molecular deflector
and carefully simulate the deflection angle by optimizing
the parameters of key elements. Furthermore, in combi-
nation with the point-spread function to find the spatial-
resolution limitation at the detector, we determine the high-
est achievable interframe time interval of MACUP to be
5.33 fs, which means it can potentially elevate the imaging
speed over 180 × 1012 frames/s. Finally, we simulate the
spatiotemporal intensity measurement of a chirped fem-
tosecond laser pulse by MACUP and analyze the imaging
reconstruction accuracy in the intensity and wavelength
evolutions. The simulated and reconstructed results show
that MACUP is a promising single-shot UOI strategy.

II. BASIC PRINCIPLE OF MACUP

A. Image acquisition model

As a computational imaging scheme, MACUP’s opera-
tion consists of data acquisition and image reconstruction.
For data acquisition, the information flow is schematically
illustrated in Fig. 1(a). First, the dynamic scene, I (x, y, t),
where x and y represent the spatial coordinates and t rep-
resents the temporal coordinate, is collected by the first
imaging component (IC1) for spatially random encoding
with an encoding mask. The encoding process can either be
reflective [22–24] or transmissive [25]. Then, the encoded
scene is relayed to a detector by IC2. A molecular deflec-
tor is inserted into the beam path to deflect the dynamic
scene. Generated by an ultrashort laser pulse, molecular
alignment can induce a time-varying refractive-index gra-
dient for the temporal-to-spatial conversion of the dynamic
scene. In this way, different temporal parts of the scene
reach different spatial positions in the vertical direction
of the detector. Finally, the encoded and sheared dynamic
scene is integrated by the detector as a two-dimensional
(2D) image to complete data acquisition. In this scheme,
the MACUP system is designed as a passive mode. Here,

the dynamic scene, the molecular deflector, and the detec-
tor (CCD) are precisely synchronized by a digital or optical
delay generator.

The laser-molecule interaction scheme is shown in
Fig. 1(b). A linearly polarized laser pulse, with an electric
field intensity �E, is employed to excite a linear molecule
(e.g., O2, N2, CO, and CO2), and its principal axis shows
an angle of θ with the orientation of �E. Due to the induced
Kerr effect, the induced dipole moment produces rotational
torque to rotate the molecule’s principal axis according
to the orientation of �E, which thus aligns the molecules.
Moreover, according to the basic principle of light-beam
deflection through media [26], the excitation laser beam
should be rectangular. Its intensity should have a trans-
versely uniform distribution. However, to ensure that the
molecules are aligned, but not ionized, the laser pulse’s
peak power density has to be strictly limited between 1011

and 1013 W/cm2 based on different kinds of molecules
[27]. In addition, the laser-pulse duration can be adjusted
to excite either an adiabatic or a nonadiabatic molecular
alignment [28], which can be used to tune the temporal
response of the molecular deflector.

B. Image reconstruction approach

Mathematically, the information flow of MACUP can be
expressed as

E(m, n) = TSCI(x, y, t), (1)

where E(m, n) is the light-energy distribution at pixel (m,
n) of the detector; C, S, and T are the spatial encoding oper-
ators representing the encoding mask, the temporal shear-
ing operator representing the molecular deflector, and the
spatiotemporal integration operator representing the CCD,
respectively. Given prior knowledge of sparsity in the spa-
tiotemporal gradient domain, the original data cube, I (x,
y, t), can be estimated by forming an appropriate convex
objective function and solving the following optimization
problem:

arg min
I

{
1
2
||E − TSCI ||2 + γ�(I)

}
. (2)

Here, ||. . . ||2 denotes the l2 norm, �(I ) is the regularization
function in the form of total variation, and γ is the regu-
larization parameter. By utilizing appropriate algorithms,
such as the two-step iterative shrinkage and thresholding
(TwIST) [29] and augmented Lagrangian (AL) algorithms
[30], the original dynamic scene can be recovered with
high fidelity.

C. Description of the molecular deflector

Figure 1(c) shows the principle of the molecular deflec-
tor and the main parameters that determine the imaging
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FIG. 1. (a) Schematic of data acquisition in MACUP. DS, dynamic scene; IC, imaging component; EM, encoding mask; MD,
molecular deflector. (b) Principle of CO2 molecules aligned by a laser field �E. (c) Molecular deflector and related parameters in
MACUP. (d) Laser-induced time-resolved molecular alignment at molecular temperatures of 0.1 and 300 K.

speed of MACUP; here the maximal refractive-index gra-
dient distribution in the molecular deflector is shown. As
a huge number of molecules occupy the deflector, the
degree of molecular alignment can be characterized by
〈cos2θ〉 within the consideration of the Boltzmann thermal
distribution [31],

〈
cos2θ

〉
(t) =

∑
J

Q−1gJ exp[−BJ (J + 1)/kT]

×
J∑

M=−J

< �JM |cos2θ |�JM >, (3)

where Q, B, and J are the partition function, rotational
constant, and angular momentum, respectively; gJ is the
spin-degeneracy factor; and �JM is the rotational wave
function of the time-evolved molecules. Time-dependent
〈cos2θ〉 then causes a refractive-index gradient, �n, along
the excitation direction, which can be expressed by

�n(ω) = 2πN0

n0
�α�

〈
cos2θ

〉
, (4)

where N 0= p/RT is the molecular density under the ideal
gas equation of state; p, R, and T are pressure, gas con-
stant, and temperature, respectively; �α represents the
difference between the parallel and perpendicular polar-
izabilities of a molecule; �〈cos2θ〉 represents the largest
difference of molecular-alignment degree in a linear
change of refractive-index gradient; and n0 denotes the ini-
tial refractive index. The dynamic scene can be deflected

within an angle of 
, when passing through the molecular
deflector [see Fig. 1(c)]. Here, the length and width of the
deflector are set as L and W, respectively. A depth displace-
ment, s, is also caused if the dynamic scene is shifted by a
maximal distance of d on the detector. Assuming that the
elementary pixel size of the CCD is �d, the sequence depth
can be easily determined by N = d/�d + 1, on account
of the basic principle of MACUP. The interframe time
interval can be formulated as �t = (

√
2/2)τ/N , in which√

2/2 originates from the approximation of the linear
part in a sinusoidal curve, and τ is the time width that
�〈cos2θ〉max occurs in a quasilinear change.

To search for optimal values of the interframe time
interval and corresponding sequence depth, a few precon-
ditions have to be met. On one hand, since a dynamic
scene has to experience a quasilinear change during prop-
agation through the molecular deflector, W = (

√
2/2)τc

is chosen to provide the transversal region for the time-
varying refractive-index gradient, in which c is the speed
of light. In addition, L < W should be satisfied, since the
dynamic scene has to be within this period during propaga-
tion through the molecular deflector. On the other hand, the
point-spread restriction through a circular aperture also has
to be taken into consideration for imaging [32]. Accord-
ing to the oscillation timescale of molecules, the entrance
pupil of MACUP is limited by W on the scale of a few hun-
dred micrometers; therefore, within the consideration of no
pixel binning, f = W�d/(1.22λ) has to be obeyed, where λ

denotes to the central wavelength of the dynamic scene.
Based on these preconditions, the interframe time interval
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(a) (b)

(c) (d)

FIG. 2. �〈cos2θ〉max (a) and time width τ (b) varying with laser-pulse duration 
 at a molecular temperature of 0.1 K. �〈cos2θ〉max
(c) and time width τ (d) varying with molecular temperature T for a laser-pulse duration of 300 fs.

(i.e., the reciprocal of the imaging speed) of MACUP can
thus be expressed by

�t =
1.22λ

c tan[(L/W)(2πp/RTn0)�α� < cos2θ>max]
. (5)

Meanwhile, the sequence depth is given by

N = d
�d

=
√

2τc tan[(L/W)(2πp/RTn0)�α� < cos2θ>max]
2.44λ

.

(6)

It can be concluded from Eqs. (5) and (6) that both �t
and N are jointly determined by a few parameters, includ-
ing λ, L/W, T, �α, and �〈cos2θ〉max. N is only positively
proportional to τ and not �t. To achieve an imaging
speed as high as possible, all of the parameters are ana-
lyzed in detail to minimize �t, and the corresponding N
is also given to ensure a sufficient number of frames to
recover. First, λ = 550 nm is chosen for typical visible
dynamic scenes. It is worth noting that there may be a dif-
ference in the phase velocity and group velocity between
the dynamic scenes due to the spectral span, but it can be
restrained via precompensation in the image reconstruc-
tion, according to spectral information. Second, a larger

L/W can induce a larger deflection angle, but the tempo-
ral duration of the dynamic scene that can be captured is
restricted. Thus, the value is set at 0.9. Third, assuming that
p is kept unchanged, while T varies, a lower temperature
is critical for both specifications. Moreover, it can be seen
from Eq. (3) that a lower temperature can cause a larger
�〈cos2θ〉max, which also contributes to improving �t and
N. Last, but not least, �α shows a huge difference between
molecules. CO2 is selected, since it holds a rather high �α

value that is over 2 times larger than that of other common
molecules [33].

III. OPTIMIZATION OF MACUP PERFORMANCE

A. Optimization of deflector parameters

To intuitively explore the optimal imaging performance
of MACUP, a Gaussian laser pulse centered at 800 nm,
with 1 ps pulse duration, is first employed to excite CO2
molecules at molecular temperatures of 0.1 and 300 K,
and the time-resolved response of 〈cos2θ〉 is shown in Fig.
1(d). It can be seen that a nonadiabatic alignment is gener-
ated after laser excitation. The molecules in the molecular
deflector align more in parallel or perpendicular to the ori-
entation of �E when the value is larger or smaller than 1/3,
respectively. Specifically, �〈cos2θ〉max, along with the cor-
responding time width τ , are responsible for the temporal
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(a) (b)

(c) (d)

FIG. 3. Interframe time interval �t (a) and sequence depth N (b) varying with laser-pulse duration 
 at a molecular temperature of
0.1 K. Interframe time interval �t (c) and sequence depth N (d) varying with molecular temperature T for a laser-pulse duration of
300 fs.

response of the molecular deflector. Moreover, this differ-
ence is rather small for deflection at 300 K, but a molecular
temperature as low as 0.1 K can enlarge it by over 10 times,
which is beneficial for superior imaging performance.

The dependences of molecular alignments on laser-
pulse durations, 
, and molecular temperatures, T, are
simulated based on the excitation conditions of Fig. 1(d).
First, �〈cos2θ〉max and τ are excited by laser-pulse dura-
tions from 0.1 to 10 ps at a molecular temperature of
0.1 K, A shown in Figs. 2(a) and 2(b), respectively. It can
be seen that �〈cos2θ〉max shows a fluctuation at around
0.6 with increasing laser-pulse duration, while a maxi-
mum of about 0.68 appears with 300 fs laser excitation.
All of these results indicate that the molecular-alignment
degree is rather high for beam deflection. Meanwhile, τ

first decreases and then increases. It reaches a minimum
value of about 1 ps with a pulse duration of 700 fs. When
the pulse duration is more than 2 ps, τ shows an oscillation,
which may be due to competition between adiabatic and
nonadiabatic processes. Additionally, both �〈cos2θ〉max
and τ , excited at molecular temperatures from 0.1 to
300 K, are mapped in Figs. 2(c) and 2(d), respectively. The
lower temperatures favor a large �〈cos2θ〉max. A plateau is
seen at about 0.56 when T is below 1 K, while it drops
vastly with a further increase of the molecular tempera-
ture to less than 0.1 at 300 K. For τ , it fluctuates around
1 ps throughout the molecular-temperature range, which
indicates that the molecular temperature has almost no
effect on τ .

B. Optimization of imaging performance
Accordingly, the effects of the laser-pulse duration and

molecular temperature on the interframe time interval,
�t, and sequence depth, N, of MACUP can be deter-
mined by Eqs. (5) and (6), and the results are shown
in Fig. 3. The dependences of �t and N on the laser-
pulse durations at 0.1 K are shown in Figs. 3(a) and 3(b),
respectively. As shown in Eq. (5), �t is inversely pro-
portional to �〈cos2θ〉max within the small-angle approx-
imation. Therefore, similar to �〈cos2θ〉max in Fig. 2(a),
�t also shows a fluctuation, but it is always smaller than
8 fs, which corresponds to an imaging speed of more than
125 × 1012 frames/s. Moreover, as shown in Eq. (6), N is
approximately proportional to τ , while it is inversely pro-
portional to �〈cos2θ〉max. Since the laser-pulse duration
has little effect on �〈cos2θ〉max, N has the same evolu-
tion behavior as τ , i.e., a decrease followed by an increase
with longer laser-pulse durations. Notably, the highest
interframe time interval reaches 5.33 fs with 300 fs laser
excitation, and the corresponding N is about 300; both of
these values sufficiently qualify for single-shot UOI. More-
over, we simulate the two parameters �t and N by varying
the molecular temperature for determining experimental
guidelines, as shown in Figs. 3(c) and 3(d), respectively.
It can be concluded that, at a higher temperature, worse
�t and poorer N are achieved. Even worse, N decreases
almost exponentially with increasing molecular tempera-
ture and is less than 50 frames at 1 K, which means that
a rather low operation temperature of less than 1 K is
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(d) (e) (f)

FIG. 4. (a) Experimental design of the spatiotemporal intensity measurement of a chirped femtosecond laser pulse. Selected original
(b) and reconstructed (c) images of laser-spot evolution. Intensity profiles of the tenth frame (d), time-resolved intensities (e), and
time-resolved positions (f) extracted from the original (squares) and reconstructed (circles) images.

indispensable to realize a credible imaging performance of
MACUP via CO2.

IV. CHIRPED FEMTOSECOND-LASER-PULSE
PROPAGATION SIMULATION

As a computational imaging strategy assisted by CS, the
quality of image reconstruction in MACUP is as important
as data acquisition. Fortunately, CS algorithms have shown
powerful reconstruction abilities in a series of studies [34].
Here, a simulated spatiotemporal intensity measurement of
a chirped femtosecond laser pulse is recovered by the AL
algorithm to validate the reconstruction performance. A
temporally chirped femtosecond laser pulse with a Gaus-
sian intensity distribution in time and space is spatially
dispersed by a transmissive grating, then the chirped fem-
tosecond laser spot is projected on thin white paper, and
a small fraction of photons pass through it; thus, the spa-
tiotemporal intensity evolution of the chirped femtosecond
laser pulse is captured by MACUP after passing through a
4f imaging system, as shown in Fig. 4(a). Therefore, the
short-wavelength components lead the laser pulse, while
the long-wavelength components are in the tail. More-
over, the laser spot shifts in position along the dispersing
direction, which indicates that the wavelength components
of the chirped femtosecond laser pulse can be spatially
resolved. We consider that the whole temporal profile of

the laser spot from appearance to disappearance is 200 fs,
and 21 frames of images with a 10 fs time interval, repre-
senting spatiotemporal intensity evolution, are employed.
In our simulation, all of the images are randomly encoded,
shift sequentially, and are superimposed to form a single
2D image for image reconstruction. The selected original
and reconstructed images of the chirped-laser-pulse evo-
lution are shown in Figs. 4(b) and 4(c), respectively. As
can be seen, the globally normalized signals in Fig. 4(c)
retain the highly reliable evolution behavior of the orig-
inal scene, except for slight blurring at the edges of the
beam. To quantitatively evaluate the reconstruction per-
formance, we first extract the intensity distributions of the
original and reconstructed laser-beam snapshot along the
vertical direction in the tenth frame, as shown in Fig. 4(d).
It is observed that the recovered laser beam’s intensity pro-
file, as well as the central position, are almost coincident
with that of the original one, showing that both the spa-
tial profile and position of the beam in an individual frame
are reliably reconstructed. Furthermore, the intensity and
position evolutions extracted under both circumstances are
shown in Figs. 4(e) and 4(f), respectively. The intensity
of the laser beam in each frame is accumulated and glob-
ally normalized, as shown in Fig. 4(e). It can be seen that
the reconstructed intensity evolution is very similar to that
of the original signal, illustrating that the Gaussian-shape
intensity dynamics during dispersion is finely retained.
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Similarly, Fig. 4(f) shows that the reconstructed central
positions of different wavelength components are highly
consistent with those of the original ones. All simulation
results of the chirped femtosecond laser-pulse evolution
reveal that the reconstruction algorithm for MACUP is
competent for recovering ultrafast dynamics with high
quality, and there are reasons to believe that more reli-
able images will be reconstructed in combination with
deep-learning strategies [35].

V. CONCLUSIONS AND PERSPECTIVES

We theoretically establish a single-shot CUP modal-
ity via molecular alignment. A CO2 molecular deflector
is designed to realize all-optical deflection imaging in a
conventional CUP system. By constructing the theoreti-
cal model of MACUP and optimizing the key parameters,
rather high imaging speeds beyond 180 × 1012 frames/s,
and corresponding sequence depths, are determined for the
guidance of experimental realization. In addition, the sim-
ulated spatiotemporal intensity measurement of a chirped
femtosecond laser pulse is validly reconstructed by an AL
algorithm. According to our simulation, the pivotal param-
eters that determine the imaging performance of MACUP
are the time-response function of the molecular deflector
and the deflection angle. Compared with those techniques
based on acousto- and electro-optical deflection strate-
gies, the molecular deflectors can have a response as short
as a few picoseconds. Furthermore, the deflection angle
can effectively increase with the assistance of cryogenic
techniques. Based on the two advantages and existing
experimental conditions, our proposed MACUP scheme
is completely feasible in experiments. It is expected that
MACUP with ultrahigh imaging speeds will be capable of
unraveling unprecedented dynamics in ultrafast atomic and
molecular optics.
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