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            Abstract
The capture of transient scenes at high imaging speed has been long sought by photographers1,2,3,4, with early examples being the well known recording in 1878 of a horse in motion5 and the 1887 photograph of a supersonic bullet6. However, not until the late twentieth century were breakthroughs achieved in demonstrating ultrahigh-speed imaging (more than 105 frames per second)7. In particular, the introduction of electronic imaging sensors based on the charge-coupled device (CCD) or complementary metalâ€“oxideâ€“semiconductor (CMOS) technology revolutionized high-speed photography, enabling acquisition rates of up to 107 frames per second8. Despite these sensorsâ€™ widespread impact, further increasing frame rates using CCD or CMOS technology is fundamentally limited by their on-chip storage and electronic readout speed9. Here we demonstrate a two-dimensional dynamic imaging technique, compressed ultrafast photography (CUP), which can capture non-repetitive time-evolving events at up to 1011 frames per second. Compared with existing ultrafast imaging techniques, CUP has the prominent advantage of measuring an xâ€“yâ€“t (x, y, spatial coordinates; t, time) scene with a single camera snapshot, thereby allowing observation of transient events with temporal resolution as tens of picoseconds. Furthermore, akin to traditional photography, CUP is receive-only, and so does not need the specialized active illumination required by other single-shot ultrafast imagers2,3. As a result, CUP can image a variety of luminescentâ€”such as fluorescent or bioluminescentâ€”objects. Using CUP, we visualize four fundamental physical phenomena with single laser shots only: laser pulse reflection and refraction, photon racing in two media, and faster-than-light propagation of non-information (that is, motion that appears faster than the speed of light but cannot convey information). Given CUPâ€™s capability, we expect it to find widespread applications in both fundamental and applied sciences, including biomedical research.
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                    Figure 1: CUP system configuration.[image: ]


Figure 2: Characterization of CUPâ€™s spatial frequency responses.[image: ]


Figure 3: CUP of laser pulse reflection, refraction, and racing in different media.[image: ]


Figure 4: CUP of faster-than-light propagation of non-information.[image: ]
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Extended data figures and tables

Extended Data Figure 1 CUP image formation model.
x, y, spatial coordinates; t, time; m, n, k, matrix indices; Im,n,k, input dynamic scene element; Cm,n, coded mask matrix element; Cm,nâˆ’kIm,nâˆ’k,k, encoded and sheared scene element; Em,n, image element energy measured by a 2D detector array; tmax, maximum recording time. See Methods for details.


Extended Data Figure 2
A temporally undispersed CCD image of the coded mask, which encodes the uniformly illuminated field with a pseudo-random binary pattern. The position of the mask and definition of the xâ€²â€“yâ€² plane are shown in Fig. 1.


Extended Data Figure 3 Multicolour CUP.
a, Custom-built spectral separation unit. b, Representative temporal frames of a pulsed-laser-pumped fluorescence emission process. The pulsed pump laser and fluorescence emission are pseudo-coloured based on their peak emission wavelengths. To explicitly indicate the spatiotemporal pattern of this event, the CUP-reconstructed frames are overlaid with a static background image captured by a monochromatic CCD camera. All temporal frames of this event are provided in Supplementary Video 6. c, Time-lapse pump laser and fluorescence emission intensities averaged within the dashed box in b. The temporal responses of pump laser excitation and fluorescence decay are fitted to a Gaussian function and an exponential function, respectively. The recovered fluorescence lifetime of Rhodamine 6G is 3.8 ns. d, Event function describing the pulsed laser fluorescence excitation. e, Event function describing the fluorescence emission. f, Measured temporal PSF, with a full width at half maximum (FWHM) of âˆ¼80 ps. Owing to reconstruction artefacts, the PSF has a side lobe and a shoulder extending over a range of 280 ps. g, Simulated temporal responses of event functions d and e after being convolved with the temporal PSF. The maxima of these two time-lapse signals are stretched by 200 ps. Scale bar, 10 mm.
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Light sweeping across a stripe pattern with varied spatial frequencies
Light sweeping across a stripe pattern with varied spatial frequencies. (MOV 107 kb)


Laser pulse reflection from a mirror 
Laser pulse reflection from a mirror. (MOV 22 kb)


 Laser pulse refraction at an air-resin interface
Laser pulse refraction at an air-resin interface (MOV 17 kb)


Laser pulse racing in different media
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        Editorial Summary
Ultrafast photography gets faster
With the advent of fast electronic imaging sensors in the late 1960s, ultrafast photography became possible. Events even faster than a nanosecond can be captured with a streak camera â€” a device that records a single extended frame rather than a sequence of frames. However, this technique is inherently one-dimensional: to capture a two-dimensional image, the camera needs to scan the scene stepwise, requiring the event to be repetitive. Gao et al. now demonstrate a technique based on compressed imaging with a streak camera that can video record non-repetitive transient events in two dimensions at 100 billion frames per second, a temporal resolution down to tens of picoseconds. To demonstrate the potential of the technique, dubbed compressed ultrafast photography or CUP, the authors demonstrate ultra-fast imaging of laser pulses being reflected and refracted, and of photons racing in two media, as well as apparent faster-than-light propagation of non-information. It should be possible to couple CUP to anything from microscopes to telescopes.
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